













































































































































































































de  química  verde.  Según  la  EPA  (US  Environmental  Protection Agency),  la  química  verde  se 
basa  en  el  uso  de  la  química  para  la  prevención  de  la  contaminación  y  en  el  diseño  de 
productos químicos y procesos que  sean menos nocivos para el medio ambiente, por  lo que 
sería un concepto opuesto al de química “sucia”, que  incluye aquellos procesos que generan 
un  impacto  medioambiental  negativo.  Sin  embargo,  esta  definición  excluye  el  término  
sostenibilidad,  el  cual  es  importante  tanto  desde  un  punto  de  vista medioambiental  como 
económico.  Los  partidarios  de  la  química  sostenible  defienden  el  concepto  de  riesgo 
sostenible, que consiste en asumir que todo proceso químico tiene un riesgo asociado y que 
ese riesgo debe ser minimizado.1 Aunque la protección medioambiental no es necesariamente 
opuesta a una pérdida de beneficio económico,  las  tecnologías de  los procesos  involucrados 
requieren mejoras de forma paralela. La catálisis podría cumplir con  los objetivos tanto de  la 
química verde como de  la  industria, pudiendo no solo mejorar  la productividad y selectividad 
de  los procesos  industriales sino también disminuir el número de etapas, reduciendo tanto el 
gasto en reactivos como en energía. 
A  principio  de  los  años  ochenta  se  llevó  a  cabo,  a  raíz  del  cierre  de  una  planta  de 
producción de  floroglucinol  (Océ Andeno),  la elaboración de un estudio sobre  la cantidad de 
residuos generados en diferentes procesos usados en la manufactura de diversos productos de 
química  fina  y  farmacéutica.2  En  el  caso  concreto  de  la  manufactura  de  floroglucinol, 
compuesto usado en la síntesis de fármacos y explosivos, se observó un importante sobrecoste 
asociado a  la gestión de residuos (hasta 40 kg de diferentes sales  inorgánicas por cada kg de 




una de  las más  costosas desde el punto de vista medioambiental,  con valores de E=25‐100, 
muy elevados  si  comparamos  con otros procesos  como  las  síntesis a granel de  compuestos 
químicos (E<5) o el refinado de petróleo (E<0,1).  
En 1991, Barry M. Trost4  introdujo el término de eficiencia sintética, que se refiere a  la 
obtención  de  un  producto  a  partir  de  materiales  fácilmente  disponibles  de  una  manera 
selectiva.  También  introduce  el  concepto  de  atom  economy,  que  consiste  en maximizar  el 






reto  en  la  manufactura  de  productos  químicos  es  el  desarrollo  de  procesos  basados  en 






consistieron en  la manufactura de productos  simples mediante  reacciones  sencillas  como  la 
síntesis de  ácido  sulfúrico, por oxidación de dióxido de  azufre, o  la  síntesis de  amoníaco,  a 
partir de nitrógeno e hidrógeno (proceso de Haber‐Bosch).5 En estos casos, el foco se ponía en 
el aumento de la velocidad de reacción a temperaturas moderadas. Sin embargo, con el paso 
del  tiempo,  su aplicación en  reacciones de mayor  complejidad ha  llevado a  la necesidad de 
buscar no solo altas conversiones sino evitar también reacciones secundarias que disminuyan 
la selectividad hacia el producto deseado. En catálisis heterogénea,  los sistemas catalíticos se 
han  diseñado  tradicionalmente  por medio  de  rutas  sintéticas  simples,  las  cuales  limitan  el 
control  sobre  la  morfología  y  naturaleza  de  los  materiales.  Recientemente,  la  extensa 
investigación en nanotecnología ha dado  lugar al desarrollo de sistemas catalíticos complejos 
con  características  cada  vez más  controladas  desde  un  punto  de  vista  sintético,  lo  que  ha 
facilitado un mayor control de  la selectividad de  los procesos catalíticos, así como un mayor 
conocimiento sobre el mecanismo de  la reacción. Una de  las características más  importantes 
desde el punto de vista de la catálisis heterogénea es el tamaño de partícula de la fase activa, 
generalmente un metal, el cual va a determinar el número de sitios activos del catalizador. El 






reacciones  de  interés  medioambiental.  En  1973,  Bond  et  al.7  mostraron  la  actividad  de 
sistemas basados en oro en  la hidrogenación de olefinas. Hasta entonces, este metal noble 
había sido considerado un elemento inactivo en catálisis. Por otro lado, en 1987, Haruta et al. 
describieron  la  oxidación  de  CO  a  temperaturas  por  debajo  de  0  °C  mediante  el  uso  de 
catalizadores de oro soportado en diversos óxidos, como MnO2, CuO o Fe2O3.8 Comprobaron 
cómo  una  mayor  dispersión  del  oro  y,  consecuentemente,  la  formación  de  partículas  de 
pequeño  tamaño  (~5 nm) aumenta de  forma  importante  la actividad  frente a partículas de 





de  la  oxidación  de  CO  en  sistemas  análogos  a  los  descritos  por  Haruta,  donde  el  único 
producto posible es el CO2. Sin embargo, en otras aplicaciones, como el uso de hidrógeno en 
las Proton Exchange Membrane Fuel Cell  (PEMFC), para  la obtención de energía eléctrica,  la 
presencia de CO es nociva incluso en pequeñas concentraciones (ppm), por lo que se requiere 
su  eliminación mediante  oxidación  de  una manera  selectiva,  evitando  reacciones  paralelas 
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de  CO  como  contaminante,  una  desde  el  punto  de  vista medioambiental  y  otra  desde  el 
industrial. En cada caso, las circunstancias y necesidades determinan el diseño del catalizador. 
Otro ejemplo es el de  la eliminación de compuestos NOx  (NO, N2O y NO2), generados en  las 
industrias  petroquímica,  metalúrgica,  textil,  alimentaria,  etc.,  así  como  en  automóviles  o 
centrales  térmicas.  Las  estrategias  catalíticas  a  seguir,  basadas  en  reacciones  de  reducción, 
dependen  de  factores  como  la  fuente  de  emisión,  la  legislación  o  la  presencia  de  otros 
contaminantes,  pudiéndose  diferenciar  entre  la  reducción  catalítica  selectiva  (SCR)  y  la 
reducción catalítica no selectiva (NSCR). Para la eliminación de NOx tanto en automóviles como 
en  la  industria química,  los catalizadores basados en óxidos como Fe2O3, Cu2O, Cr2O3, Co3O4, 
Al2O3  o  CeO2,  y metales  nobles  como  Pt,  Pd  o  Rh,  han  demostrado  ser muy  efectivos  en 
presencia  de  urea,  la  cual  se  descompone  en  NH3  a  alta  temperatura.17  En  el  caso  de  las 




el  aumento  en  las  necesidades  de  protección  medioambiental,  es  interesante  considerar, 
como  ilustran  los  ejemplos  anteriores,  cómo  se  diseña  un  catalizador.19  En  catálisis 
heterogénea,  las especies activas son normalmente átomos superficiales o  localizados en  las 
aristas  u  otros  defectos  del material,  sitios  coordinativamente  insaturados.  El  control  de  la 
química superficial y de la concentración de defectos requiere materiales donde la fracción de 
átomos en  superficie  sea elevada. Desde  la década de  los noventa,  la nanotecnología  se ha 


















De  acuerdo  a  la definición  establecida por  la  IUPAC,  los materiales mesoporosos  son 
aquellos cuyos poros poseen un tamaño en el rango de 2‐50 nm. Desde que en 1992 Beck et 
al.21 desarrollaran una  familia de materiales de sílice mesoporosa, denominada M41S  (Mobil 
Corporation),  usando  cristales  líquidos  (surfactantes)  como  moldes,  se  ha  sintetizado  una 
amplia variedad de materiales de diversa geometría de poro (cúbica, hexagonal, laminar, etc.) 
basados en diferentes composiciones (SiO2, ZrO2, Al2O3, etc.), con ejemplos como el de la sílice 
mesporosa MCM‐41  o  el  CMK‐3,  basado  en  carbono.  El  desarrollo  de  estos materiales  ha 
supuesto un gran avance en diferentes áreas de  la química y de  la ciencia de materiales. Sus 
características estructurales confieren una alta superficie específica, gran volumen de poro, y 
tamaños  de  poro  controlables  desde  la  unidad  a  las  decenas  de  nanómetro.  Hasta  el 












mecanismo  LCT  (Liquid  Crystal  Templating),21  por  el  que  se  explica  cómo  la  estructura  del 
material mesoporoso quedaría definida por la organización de las moléculas de surfactante en 
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Este mecanismo  diferencia  entre  dos  posibles  rutas:  la  formación  del  cristal  líquido 
previamente  a  la  adición  del  precursor  inorgánico  ①  (True  Liquid‐Crystal  Templating 
mechanism), o una segunda ruta, consistente en  la formación de  la estructura hexagonal por 
interacción entre el surfactante y el precursor inorgánico ② (Coperative Assembly Pathway).  
Las  diversas  evidencias  experimentales  han  dado  lugar  a  un  rechazo  general  al 
mecanismo basado en la ruta denominada True Liquid‐Crystal Templating mechanism ①. Los 
primeros materiales mesoporos se prepararon a partir de surfactantes iónicos, concretamente 
de  sales  amónicas  cuaternarias.  La  influencia  electrostática  de  la  interacción  entre  el 
surfactante  y  el  precursor  inorgánico  sobre  la  conformación  final  de  la mesofase  es muy 
importante,  lo  que  apoyaría  la  hipótesis  del  Coperative Assembly  Pathway ②.  En  general, 







enlaces de  hidrógeno,  por  lo que  el  surfactante puede  ser  extraído  con  etanol o  agua.  Sus 
propiedades en cuanto a porosidad y área superficial específica son similares a las de la MCM‐
41, salvo que poseen una mayor dispersión en el tamaño de poro. Sin embargo, este puede ser 
controlado  modificando  la  longitud  de  la  cadena  alquílica  del  surfactante.  Además,  la 
mesoestructura e interconectividad de los poros puede ser controlada usando mesitileno.25   
Entre  los  surfactantes  más  útiles  y  de  mayor  aplicación  en  los  últimos  años  se 
encuentran  los copolímeros en bloque  formados por  la asociación de cadenas de polímeros. 
Los más usados son  los de  la familia Pluronic, formados por poli(óxido de etileno)x‐poli(óxido 
de propileno)y‐poli(óxido de etileno)x, que se comportan como cristales líquidos en disolución 
acuosa. Mediante  este  tipo  de  surfactante  se  pueden  preparar materiales mesoporosos  en 
condiciones  fuertemente  ácidas,  donde  los monómeros  de  óxido  de  etileno  y  las  especies 
catiónicas de silicato interaccionan favoreciendo la formación de la mesofase. En 1998, Zhao et 
al.26 sintetizaron uno de los materiales mesoporosos de mayor fama obtenido a partir de este 
tipo  de  surfactante,  el material  de  sílice  denominado  SBA‐15.  En  2008,  Zholobenko  et  al.27 
describieron  de  forma  detallada  su  formación  a  partir  del  mecanismo  cooperativo  (②), 
demostrando  a  través  de  la  técnica  de  dispersión  inelástica  de  neutrones  la  formación  de 
micelas  esféricas  del  surfactante,  Pluronic  123,  en  los  primeros  estadios  de  la  síntesis  y  la 



























La  caracterización de materiales mesoporosos,  aunque  ahora  ya  sistematizada, posee 
cierta complejidad. Requiere el uso de un conjunto de técnicas como la difracción de rayos‐X, 






















la  presencia  de  canales  paralelos  entre  sí  (izda.).  La  técnica  de  difracción  de  rayos‐X  (DRX) 
13
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junto  con  la microscopía  electrónica  permite  calcular  distancias  entre  canales  así  como  el 
diámetro de paredes y poros. Sin embargo, no todo el material posee el mismo orden, ya que 













la  de  fisisorción  de  un  gas  inerte  (normalmente  nitrógeno),  la  cual  nos  permite  obtener 
información sobre la superficie específica del material así como de la distribución y tamaño de 
poro. Esta  información  se puede obtener mediante el análisis de  su  isoterma de adsorción‐
desorción, la cual relaciona la cantidad molar gas que adsorbe‐desorbe el material en función 
de  la presión del  gas  a una  temperatura  constante.  La  isoterma de  adsorción‐desorción de 
materiales mesoporosos presenta una  forma característica  (denominada de Tipo  IV  según  la 



















A partir de un análisis matemático de  la  isoterma basado en  la  teoría BET  (Brunauer, 




Los  materiales  de  sílice  mesoporosa  como  tal  poseen  un  número  limitado  de 
aplicaciones  como  catalizador  heterogéneo.  Son  inertes  desde  el  punto  de  vista  químico, 
aunque poseen cierta acidez en  superficie por  la presencia de grupos –OH. Sin embargo, es 
posible  aumentar  su  acidez  generando  sitios Brǿnsted  en  superficie mediante  sustituciones 
isomórficas  (incluyendo, por ejemplo, cationes Al3+ en  la  red cristalina de SiO2) que abren  la 
posibilidad de producir catalizadores monofuncionales para  reacciones ácido/base, así como 
sistemas bifuncionales en  los que  se  incorpore  algún óxido metálico para  reacciones  rédox, 
como  las de oxidación selectiva o reducción de contaminantes atmosféricos. Los sitios ácidos 
pueden  ser  modificados  sustituyendo  protones  por  cationes  alcalinos,  generando  sitios 
básicos,  que  modifiquen  las  propiedades  ácido‐base  del  catalizador,  adaptándolas  a  las 
necesidades  concretas  de  la  reacción.  Estas  nuevas  propiedades  pueden  ser  aplicadas  al 
craqueo  de  hidrocarburos  de  gran  tamaño,  que  en  zeolitas  es  inviable  debido  al  tamaño 
reducido de poro, o a reacciones de alquilación tipo Friedel‐Crafts de compuestos aromáticos, 
que  requieren  sitios  moderadamente  ácidos.32  Tras  el  descubrimiento  de  la  familia  de 
materiales  mesoporosos  M41S,  el  objetivo  de  muchas  investigaciones  fue  sustituir  a  las 
zeolitas por este tipo de materiales análogos, modificando sus propiedades para adaptarlas a 
las  condiciones  de  trabajo  de  estas  (estabilidad  térmica,  propiedades  ácido‐base,  etc.),  así 
como  ampliando  su  marco  de  aplicación.33  Sin  embargo,  actualmente,  estos  materiales 
presentan aplicaciones  importantes como soporte catalítico. Los sistemas catalíticos basados 
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Entre  los métodos para  llevarlo  a  cabo, el más  frecuente  consiste en  impregnar el material 
mesoporoso  con  una  disolución  que  contenga  al  precursor  de  la  fase  activa,  seguido  de  la 
eliminación del disolvente mediante tratamiento térmico. Este procedimiento suele dar lugar a 
la  formación de partículas de una gran variedad de  tamaños,  localizadas  tanto dentro como 
fuera de la estructura de mesoporos. Entre las estrategias seguidas para controlar este método 
de  una  manera  más  efectiva,  como  por  ejemplo,  localizando  la  fase  activa  dentro  de  la 
estructura mesoporosa, se pueden destacar la impregnación hasta humedad incipiente (IWI) o 
la impregnación por evaporación a vacío. En ambos casos, la aplicación de ultrasonidos puede 
favorecer  la  introducción  de  la disolución  en  los mesoporos.  El uso de  fluidos  supercríticos 
también puede  favorecer  la disminución de  la viscosidad, aumentando  la difusión de  la  fase 
activa a  través del soporte. Una alternativa al método de  impregnación es el de deposición‐
precipitación, que consiste en  la precipitación de  forma homogénea del precursor de  la  fase 
activa mediante  la  adición  de  un  agente  químico.  Este,  normalmente  una  base,  provoca  la 




(c) Incorporación  de  la  fase  activa  sobre  la  superficie  interna  del  soporte 
modificando  la  mesoestructura.  Consiste  en  la  modificación  previa  de  las  propiedades 
superficiales  del  soporte,  como  la  carga  eléctrica  o  su  composición,  para  facilitar  la 
introducción de  la  fase activa en el  interior de  la mesoestructura. Una  técnica consiste en  la 
funcionalización de  la superficie de sílice mediante grupos orgánicos a través de  la técnica de 
grafting, que permite la introducción de la fase metálica por interacción electrostática entre el 
precursor metálico  en  forma  iónica  y  el  grupo  orgánico  (template  ion‐exchange),  actuando 
este  como  punto  de  anclaje  de  la  fase  activa.  Este método  consigue,  además  de  una  alta 
dispersión de la fase activa, la formación de centros activos metálicos aislados atómicamente. 
Otra  técnica  consiste  en  la  formación  de  silicatos  metálicos  sobre  el  soporte  de  sílice 
mesoporosa  por  síntesis  directa  (método  sol‐gel)  o  por  modificación  posterior  mediante 
tratamientos básicos en presencia del precursor metálico. Esta técnica supone, inicialmente, la 






Como  se  ha  explicado  anteriormente,  los  materiales  mesoporosos  poseen  un  gran 
número  de  aplicaciones  en  el  campo  de  la  catálisis  heterogénea  como  soporte  catalítico, 
aunque  también  se  utilizan  como  adsorbentes,  sensores  químicos,  sistemas  para  la 
administración  de  fármacos,  así  como  en  celdas  solares  o  baterías.34 García‐Martínez  et  al. 
hacen una revisión sobre su uso en diferentes tecnologías para la obtención de energía limpia 
o menos contaminante.34 En general, su uso más extendido en aplicaciones catalíticas consiste 








como  alternativa  a  las  zeolitas,  ha mejorado  tanto  la  estabilidad  como  la  selectividad  de 
muchos  procesos  catalíticos,  debido  principalmente  a  que  permiten  trabajar  con menores 
velocidades espaciales, además de mostrar una menor resistencia a la transferencia de masa.35 
También han  tenido un papel  importante en  la valorización de gases de efecto  invernadero 
(Figura 1.5),  gracias  a  la  estabilidad de  los  catalizadores  frente  a  la  formación de depósitos 
carbonosos que bloquean  los sitios activos del catalizador, como proponen Chu et al. para  la 
reacción  de  aromatización  de metano ①  con  ZSM‐5  jerarquizada36,  o  Botas  et  al.37  en  la 
descomposición  catalítica  de  metano  ②  con  el  material  de  carbón  mesoporoso  CMK‐5. 
Además, la utilización de soportes mesoporosos como la SBA‐15 o la MCM‐41 han demostrado 
ser eficaces en la formación de partículas de tamaño reducido y homogéneo que, junto con el 
uso  de  promotores  básicos,  han  dado  lugar  a  sistemas  prometedores  en  reacciones  de 
valorización  de  CO238,39,40  ③  y  reformado  de  metano41,42  ④,  dando  lugar  a  una  menor 
formación de coque41,43. Por último, la fijación de CO2 sobre moléculas orgánicas ⑤ también 
ha  despertado  interés  recientemente.  Un  ejemplo  es  la  funcionalización  orgánica  de  estos 
materiales  con  precursores  de  siloxano,  mediante  la  cual  se  ha  conseguido  aumentar  el 
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La  demanda  mundial  de  energía  actual  es  de  ~19  TW/año.  Teniendo  en  cuenta  el 
aumento de  la demanda energética per  capita así  como el aumento de población previstos 
para 2050 (desde los 7500 millones de habitantes actuales a los 9600 millones estimados para 
entonces),  la  demanda  de  energía mundial  podría  llegar  a  ser  cercana  a  los  50  TW.  Para 
entonces,  teniendo en cuenta el modelo energético actual,  las  reservas de petróleo estarían 
seriamente mermadas  y  solo  el  carbón  seguiría  siendo  abundante.46  Además,  el  aumento 
progresivo en la demanda energética mundial, conlleva un aumento en las emisiones de gases 




Algunas  alternativas  como  fuentes  de  energía  primaria  son  la  termonuclear,  solar, 
eólica, hidroeléctrica,  geotérmica o de  corrientes marinas.  Sin  embargo,  solo una parte  del 
consumo energético mundial proviene directamente de la red eléctrica, procediendo la mayor 
parte de sustancias portadoras de energía, combustibles, tanto en el ámbito doméstico como 
en  los medios  de  transporte.47  Por  tanto,  las  fuentes  de  energía  primaria  deben  poder  ser 
almacenadas en  forma de portadores de energía  (vectores energéticos). Barbir y Veziroglu47 
[1992]  discutieron  sobre  los  posibles  candidatos  que  podrían  sustituir  a  las  fuentes  fósiles 
como portadores de energía. Entre ellos (metanol, metano, gasolina sintética, etanol, etc.), el 
hidrógeno molecular  sería  el  que mejor  cumple  con  una  serie  de  criterios:  facilidad  en  su 
transporte,  versatilidad,  eficiencia  energética,  compatibilidad  con  el  medio  ambiente, 
seguridad y coste total. 
 J.A.  Turner  define  la  economía  del  hidrógeno  como  “la  producción,  almacenaje, 
distribución  y uso de hidrógeno  como portador de  energía”.48  Este  concepto ha  crecido de 





carácter  bianual,  realizándose  por  última  vez  en  Zaragoza  en  2016.49  El  objetivo  de 
asociaciones de este  tipo es acelerar el proceso por el  cual el hidrógeno  se  convierta en el 
principal medio por el cual  la humanidad obtenga energía de una manera menos perjudicial 
para el medio ambiente. 
Muradova  y  Veziroglu50  proponen  un  modelo  de  producción  de  energía  sostenible 
basado en diferentes tecnologías existentes en un mayor o menor estado de desarrollo, entre 
















①  Producción  de  hidrógeno  mediante  fuentes 
fósiles: esta opción  tiene atractivo en cuanto al uso 
de una infraestructura basada en el carbón fósil para 
la  obtención  de  un  portador  de  energía  menos 
nocivo  para  el  medio  ambiente,  como  es  el 
hidrógeno. Pero para que esto sea así, la producción 
de hidrógeno debe estar acoplada al  control de  las 
emisiones  de  CO2.  Tanto  la  gasificación  de  carbón 
[ec.  1.1]  como  el  reformado  de metano  (principal 
componente del gas natural) con vapor de agua [ec. 
1.2]  dan  lugar  a  la  formación  de  monóxido  de 
carbono como subproducto. Este puede ser oxidado 
con agua para  formar CO2  (water gas shift)[ec. 1.3], 
el  cual  debe  ser  secuestrado  para  evitar  su 
subsecuente  emisión  a 
la atmósfera.  
Otra  alternativa  para  el 
procesado  de  metano 
es  su  descomposición 











energía,  por  lo  que  su  viabilidad  depende  en  gran 








estacionarias,  es  aún  muy  limitado.  Existen 
diferentes  tecnologías  para  obtener  hidrógeno 
mediante energía nuclear que, en todos los casos, se 
basan  en  la  ruptura  de  la  molécula  de  agua: 
radiólisis,  electrólisis  a  alta/baja  temperatura 
mediante  el  acoplamiento  a  reactores  nucleares,  o 
mediante  ciclos  termoquímicos.  La  aplicación  de 
estos  últimos  en  reactores  nucleares  de  alta 
temperatura, necesarios para una alta eficiencia (40‐
60%),  requiere materiales  con  alta  resistencia  a  la 
corrosión  química  y 
estabilidad  a  altas 
temperaturas,  por  lo  que  es 
una  tecnología  aún  en 
desarrollo. 
③ Producción de hidrógeno 
mediante  fuentes  de  energía 
renovable:  entre  las 
diferentes  alternativas  se 
encuentran  la  biomasa,  la 
energía  solar,  la  hidráulica    o 
la  eólica.  A  partir  de  la 




pueden  ser  gasificados  o 
reformados  para  la  obtención  de  hidrógeno.  A 
diferencia de los combustibles fósiles, en las fuentes 
de  energía  renovable,  la  cantidad  neta  de  CO2 
producido se puede equiparar a la que consumen los 
propios  vegetales,  ya  que  la  regeneración  de 
biomasa supone la asimilación de CO2. Por otro lado, 
entre  las  fuentes  renovables  no  carbogénicas  el 
sistema de obtención de hidrógeno es muy  similar. 
Mediante  la  energía  solar,  eólica  o  hidráulica  se 




de  fotoconversión  directa  (fotocatalítica, 
fotoelectroquímica o fotobiológica). 
 
[ec. 1.1]     22 HCOOHsC        ΔH298 K = +175 kJ/mol 
[ec. 1.2]   224 3HCOOHCH      ΔH298 K = +250 kJ/mol 
[ec. 1.3]   222 HCOOHCO         ΔH298 K = +2 kJ/mol 
[ec. 1.4]   24 2)( HsCCH                ΔH298 K = +75 kJ/mol 
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entre  la  sistematización  a pequeña  escala  y  la  implementación de  infraestructuras  a mayor 
nivel. Actualmente,  la  electrolisis del  agua  y  el  reformado de  gas natural  a pequeña  escala 
están siendo  las principales vías para  la producción de hidrógeno, facilitando el desarrollo de 
infraestructuras para un mayor consumo de este en el futuro. A medio plazo, la electrolisis del 




obtención  a  partir  de  fuentes  primarias  como  la  solar  o  hidroeléctrica,  cuya  rentabilidad 





El  procesado  del  gas  natural,  cuyo  principal  componente  es  metano  (~90%),  es 
actualmente el medio más común de obtención de hidrógeno para uso comercial, sobre todo 
debido  a  su  alta  abundancia  a  nivel mundial.  Es  la  principal  fuente  de  hidrógeno  para  la 
A new area of focus within the HIA is the high-temperature production of hydrogen.
This paper aims to provide an overview of the most important issues regarding the production of
hydrogen, the needs for research and development (i.e. current gaps), and the priorities for further
development and use. This overview is not, however, all-inclusive, and detailed descriptions of
processes and R&D ne ds should b  sought in sp cialist papers discussing each technology in
more detail.
HYDROGEN FROM FOSSIL FUELS
Hydrogen can be produced from most fossil fuels. The complexity of the processes varies, and in
this chapter hydrogen production from natural gas and coal is briefly discussed. Since carbon dioxide
is produced as a by-product, the CO2 should be captured to ensure a sustainable (zero-emission)
process. The feasibility of the processes will vary with respect to a centralised or distributed production
plant.
Production from natural gas
Hydrogen can currently be produced from natural gas by means of three different chemical processes:
● Steam reforming (steam methane reforming – SMR).
● Partial oxidation (POX).
● Autothermal reforming (ATR).
Although several new production concepts have been developed, none of them is close to
commercialisation. 
HYDROGEN PRODUCTION R&D: PRIORITIES AND GAPS 7
Figure 2








small scale SMR, tanked hydrogen
2. As 1 + more carbon based production
3. As 2 Electrolysis from renewables


















la  producción  de  metanol,  dimetiléter  (DME)  y  para  las  reacciones  del  proceso  Fischer‐
Tropsch.53 Desde un punto de vista medioambiental, de entre los combustibles de origen fósil, 
el metano es el compuesto con mayor densidad energética, por  lo que  su aprovechamiento 
como  fuente de energía puede amortiguar en parte  las emisiones de CO2. Entre  las  técnicas 
utilizadas para su procesado se encuentran el reformado con vapor de agua (SRM)[ec. 1.1], la 
oxidación parcial (POX)[ec. 1.5] y el reformado autotérmico (ATR)[ec. 1.6].  
  [ec. 1.5]   22214 2HCOOCH            ΔH0 298 K = ‐36 kJ/mol 
  [ec. 1.6]   222124 522 HCOOOHCH          ΔH0 298 K = 214 kJ/mol 
El  reformado  de metano  con  vapor  de  agua  es  un  proceso  endotérmico,  por  lo  que 




[ec. 1.5], en cambio, no  requiere  suministro de calor externo, ya que este  se obtiene por  la 
propia  combustión  controlada  del  metano.  Además,  no  necesita  el  uso  de  catalizadores 
(aunque su uso posibilita trabajar a menores temperaturas) y produce gas de síntesis con una 
relación molar  H2/CO≈2,  útil  en  la  síntesis  de  alcanos  de  cadena  larga  por  el  proceso  de 
Fischer‐Tropsch [ec. 1.7]:  
  [ec. 1.7]   OnHHCHnnCO nn 2222)12(         ΔH0 298 K = ‐205 kJ/mol 
Por último, el reformado autotérmico combina ambos procesos (SRM y POX), de manera 
que  la  oxidación  parcial  aporta  el  calor  necesario  para  el  reformado  con  vapor  de  agua, 
resultando en un proceso térmicamente neutro (modificando la estequiometría de la ecuación 
[ec. 1.6] para  tal  fin). Tanto  la oxidación parcial de metano como el  reformado autotérmico 
requieren  instalaciones  complejas  y  costosas,  ya  que  es  necesaria  la  purificación  previa  del 
oxígeno que va a ser usado en la reacción (el ~40% del coste de una planta de producción de 
gas de síntesis a través de estos procesos se asocia a la planta de oxígeno),54 lo que convierten 
al  reformado de metano con vapor de agua en el proceso preferido  industrialmente para  la 
producción de hidrógeno. Una de las aplicaciones del gas de síntesis enriquecido en hidrógeno 




condiciones  de  operación  a  baja  temperatura,  hacen  que  la  presencia  de  CO  en 
concentraciones superiores a las 10 ppm de lugar al envenenamiento del ánodo, generalmente 
de  platino,  usado  para  generar  corriente  eléctrica.55  Así,  la  generación  de  hidrógeno  por 
reformado de metano requiere normalmente sucesivos pasos de eliminación de CO (water gas 
shift, PROX, metanación). 
Uno de  los aspectos más  importantes a considerar en  la explotación de muchos de  los 
depósitos  de  gas  natural  es  que  encuentran  en  lugares  alejados  de  zonas  pobladas,  lo  que 
supone  un  problema  adicional,  ya  que  es  necesario  su  transporte  a  los  lugares  de  destino 
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donde  va  a  ser  procesado.  La  licuefacción  de  gas  natural  (LNG)  es  una  alternativa  para  la 
solución de este problema, pero  tiene el  inconveniente de que es muy costosa. Otra opción 





Una dificultad de este proceso de  transformación  viene dado por el hecho de que  la 
síntesis de Fischer‐Tropsch requiere gas de síntesis con relación molar H2/CO≤2, mientras que 
en el  reformado de metano con vapor de agua se produce syngas con valores H2/CO≈3. Por 
tanto,  se  necesitan  pasos  adicionales  para  ajustar  este  valor  al  requerido.  Esto  se  puede 
solucionar  utilizando  el  denominado  bi‐reforming,  una  combinación  entre  el  reformado  de 
metano  con  vapor de  agua  con  el  reformado  seco de metano  (DRM)[ec.  1.8], que usa  CO2 
como  reactivo,  una  opción  que  además  tiene  un  gran  atractivo  teniendo  en  cuenta  las 
previsiones  de  la Organización  para  la  Cooperación  y Desarrollo  Económicos  (OCDE)  de  un 
aumento de las emisiones de CO2 en un 50% para 2050.56 
  [ec. 1.8]   224 22 HCOCOCH            ΔH0 298 K = +248 kJ/mol 
El  bi‐reforming  acopla  ambos  procesos  con  una  relación  CH4/CO2/H2O=3/1/2, 
obteniendo  así  gas  de  síntesis  con  una  relación molar  H2/CO≈2,  propia  para  la  síntesis  de 
metanol y, consecuentemente, de hidrocarburos derivados. Se han publicado un gran número 
de trabajos en  los que se asocian  las ventajas del bi‐reforming a  la posibilidad de ajuste de  la 
relación molar H2/CO (variando  la relación H2O/(H2O+CO2)) para poder adaptarla a diferentes 




87%,59 hace  atractiva  la  idea de  tratarlo  como un  recurso  en  vez de  como un  subproducto 
indeseable.  Igualmente,  el  denominado  biogás  (landfill  gas),  producido  por  descomposición 
anaeróbica de materia orgánica,  se ha  convertido  en una posible  alternativa  al  gas natural, 
pues  contiene CH4 y CO2 en  concentraciones  similares  (45‐55% de CH4 y un 30‐40% de CO2, 
usualmente).  Aunque  aún  estamos  lejos  de  la  implementación  de  tecnologías  para  el 
aprovechamiento de este, su potencial es elevado si tenemos en cuenta que en los vertederos, 
la  principal  fuente  de  biogás,  se  produce  una  gran  parte  de  las  emisiones  de metano  a  la 
atmósfera (13‐20% en EEUU durante 2006),60 situándose en tercer lugar tras la agricultura y las 











más  utilizados  a  nivel  industrial  en  las  reacciones  de  reformado  de  hidrocarburos,  debido 
principalmente a su relativo bajo coste. Elementos como el Rh, Pt, Ru o Pd han demostrado ser 
altamente activos y estables en SRM/DRM, pero poseen precios prohibitivos para la industria.  
La  problemática  asociada  al  uso  de  catalizadores  basados  en  níquel  o  cobalto  en  las 
reacciones de reformado de hidrocarburos, y de manera más importante en el reformado seco 
de metano, estriba en  la  formación de coque, que en algunos casos supone  la desactivación 
parcial o total del catalizador, así como el bloqueo del lecho catalítico. Este coque se produce, 
principalmente,  a  través  de  dos  procesos:  la  descomposición  de  metano  [ec.  1.9]  y  la 
desproporción de CO (reacción de Boudouard)[ec. 1.10]. 
  [ec. 1.9]   24 2HCCH              ΔH0 298 K = +75 kJ/mol 
  [ec. 1.10]   22 COCCO              ΔH0 298 K = ‐173 kJ/mol 
Termodinámicamente,  la  reacción de Boudouard  está poco  favorecida por  encima de 
700 °C, por  lo que  la formación de coque se atribuye principalmente a  la descomposición de 
metano.63 Dependiendo del mecanismo por el que ocurra esta descomposición se van a formar 
diferentes  tipos  de  coque:  pirolítico,  de  encapsulación  o  filamentoso.  El  coque  pirolítico  se 
produce por craqueo térmico de metano a temperaturas por encima de 600 °C,  lo que suele 
producir  tanto  el  encapsulamiento  de  catalizador,  por  la  consecuente  desactivación  de  los 
sitios activos, como la obstrucción del lecho catalítico. Por otro lado, la formación catalítica de 
coque  es  un  proceso  complejo,  y  su  acumulación  sobre  la  superficie  del  catalizador  se 
determina por un balance entre su formación y su gasificación. En este proceso, el carbón se 
forma sobre el propio catalizador por adsorción disociativa de metano, la cual es sensible a la 
estructura  de  la  partícula metálica,  formándose  carbono  atómico  altamente  reactivo  (Cα),63 
que  es  gasificado  favorablemente  con  H2O,  CO2  o  H2.  Sin  embargo,  su  alta  inestabilidad 
favorece también la formación de Cβ, menos reactivo, que puede llegar a encapsular al metal o 
incluso disolverse en  este  (formando  carburo metálico).  La disolución  induce el  crecimiento 




Ce‐ZrO2,65,66,67  cuya  alta  capacidad  de  almacenamiento  de  oxígeno  favorece  la  oxidación 
superficial de coque; o la adición de promotores básicos, como MgO, CaO o MnO,68,69 y tierras 
raras, como el La2O3,70 que facilitan la activación de H2O y CO2, y la consecuente eliminación de 
carbono  por  oxidación,  previniendo  la  formación  de  especies  Cβ.  También,  el  dopado  con 
metales nobles  (principalmente Pt, Ru o Rh)  favorece  la  resistencia a  la  formación de coque 
debido  a  una  mayor  dispersión  de  la  fase  activa.71,72,73  Una  mayor  dispersión  da  lugar  a 
partículas metálicas de menor tamaño, las cuales son menos activas en la formación de coque 
a  la vez que poseen más  centros activos para el  reformado de metano.74,75 Sin embargo,  la 
obtención  de  partículas  de  tamaño  reducido  (<10  nm)  debe  ir  acompañada  de  su 
estabilización, ya que el sinterizado del níquel a temperaturas por encima de  la temperatura 
de  Tamman76  (590  °C)  puede  llegar  a  ser  importante  en  las  condiciones  de  reacción  del 
reformado de metano (>700 °C). El grado de estabilización de la fase metálica depende de las 
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propiedades  del  soporte  catalítico,  del método  de  preparación  y  de  la  interacción metal‐
soporte. En este aspecto, el uso de materiales mesoporosos puede favorecer la estabilidad del 
catalizador debido tanto a su alta superficie específica,  lo que permite una mayor dispersión 
de  la  fase  metálica,  como  a  la  presencia  de  poros  de  tamaño  ajustable  en  el  rango  del 
nanómetro, que limitan el tamaño de partícula de la fase activa al del propio mesoporo.77 Sin 
embargo, el  aprovechamiento de estas propiedades  requiere el uso de métodos de  síntesis 
que provean  la estabilización de  la fase activa en el  interior de  la estructura mesoporosa. Un 
método  convencional  como  el  de  impregnación  hasta  humedad  incipiente  proporciona  una 
dispersión  limitada  de  la  fase  activa  debido  principalmente  a  la  dificultad  que  presenta  la 
difusión del disolvente a través de los mesoporos en un corto período de tiempo, por lo que da 
a lugar la formación de partículas de tamaño y localización (fuera o dentro de los mesoporos) 





Otras  causas  de  desactivación  de  los  catalizadores  en DRM  son  las  variaciones  en  el 
estado  químico  de  estos  durante  el  proceso  catalítico.  La  fase  activa  en  las  reacciones  de 








el  experimento  de  DRM.  Por  otro  lado,  el  níquel mantenía  su  estado  químico  incluso  por 
encima de 950 °C, lo que se traducía en una actividad estable durante 25 horas. La adición de 
una  pequeña  cantidad  de  níquel  (sustituyendo  un  10%  del  cobalto)  supuso  un  importante 










biodiesel  como aditivos en gasolina y gasoil.80 Se pueden  considerar  tres  clases de materias 
primas  derivadas  de  la  biomasa:  derivados  amiláceos  (como  los  azúcares),  triglicéridos  y 












reformado  a  baja  temperatura  con  un  alto  rendimiento  de  hidrógeno.  En  función  de  la 
composición  de  entrada  al  reformador,  existen  diferentes  modos  de  operación  para  la 
obtención  de  hidrógeno  a  partir  de  bio‐etanol,  al  igual  que  ocurre  en  el  caso  del metano: 
reformado con vapor de agua [ec. 1.11], oxidación parcial [ec. 1.12] y reformado autotérmico 
[ec. 1.13]: 
  [ec. 1.11]   22223 623 HCOOHOHCHCH          ΔH0 298 K = +347 kJ/mol 
  [ec. 1.12]   2222323 32 HCOOOHCHCH          ΔH0 298 K = ‐509 kJ/mol 
  [ec. 1.13]   222223 )26(2)23( HxCOxOOHxOHCHCH       
Frente a  los procesos de oxidación parcial o reformado autotérmico, el reformado con 
vapor  de  agua  es  el  que  ha  acaparado mayor  atención  debido  a  su mayor  rendimiento  a 
hidrógeno.  Así,  su  uso  como  fuente  de  hidrógeno  en  las  PEMFCs  ha  sido  extensamente 




hidrógeno,  que  separa  a  este  del  resto  de  productos  gaseosos  de  la  reacción,85  cuyo 
funcionamiento  se  esquematiza  en  la  Figura  1.8.  Sin  embargo,  estas  membranas  están 
compuestas  de  Pd‐Ag  y  requieren  ser  reemplazadas  periódicamente,  lo  que  encarece  el 
sistema. 
Normalmente,  la  producción  selectiva  de  hidrógeno  requiere  altas  relaciones 
H2O/CH3CH3OH, ya que una insuficiente alimentación de agua en el reactor puede dar lugar a 
una baja producción de hidrógeno e importantes concentraciones de CO [ec. 1.14]. También es 
importante  diseñar  catalizadores  que  funcionen  a  baja  temperatura  y  sean  altamente 
selectivos  en  la  producción  de  hidrógeno,  evitando  reacciones  secundarias  como  la 
descomposición [ec. 1.15], generando CH4 y CO, o la deshidratación de etanol hacia etileno [ec. 
1.16], principal precursor de coque.  
  [ec. 1.14]   2223 42 HCOOHOHCHCH          ΔH0 298 K = +342 kJ/mol 
  [ec. 1.15]   2423 HCHCOOHCHCH          ΔH0 298 K = +93 kJ/mol 
  [ec. 1.16]   OHHCOHCHCH 24223            ΔH0 298 K = +44 kJ/mol 
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Los  sistemas  catalíticos  para  el  reformado  de  etanol  deben  promover  la  ruptura  de 
enlaces C‐H, C‐C y O‐H, así como su recombinación para producir moléculas como CO, CO2 e 
H2.  Los  que  potencialmente  funcionan  mejor  son  aquellos  basados  en  metales  nobles, 
principalmente Rh, y en menor medida Ru, Pd o Pt. Como ya se apuntó anteriormente para la 
reacción  de  reformado  de  metano,  su  viabilidad  es  cuestionada  debido  a  su  alto  coste. 
Además, aunque estos metales son muy estables y altamente activos, solo son selectivos a alta 
temperatura (>650 °C). La razón es que el mecanismo de reacción favorecido en estos sistemas 
supone  la descomposición de etanol en CO, H2 y CH486  [ec. 1.15],  seguido de  la  reacción de 
WGS  [ec.  1.3],  y  reformado  de metano  [ec.  1.2].87  La  Figura  1.9  ilustra  las  diferentes  rutas 
posibles para el reformado de etanol con vapor de agua. 
Para trabajar a baja temperatura es necesario encontrar catalizadores que favorezcan la 




















de CH4, proveniente de  la hidrogenación de  intermedios CHx  tras  la escisión del enlace C‐C, 
puede  ser  inhibida  en  sitios metálicos  de  baja  coordinación,  formándose  especies  Cα  que 
pueden  ser  oxidadas  a  COx  o  depositadas  como  coque.88  La  distribución  de  productos 
obtenidos a baja  temperatura  (<450  °C) con sistemas catalíticos basados en níquel y cobalto 
son similares, salvo que en cobalto  la relación (CO2+CO)/CH4 es mucho mayor que 1, pues su 
actividad en hidrogenación es mucho más baja. 
  [ec. 1.17]   2323 HCHOCHOHCHCH          ΔH0 298 K = +111 kJ/mol 
  [ec. 1.18]   COCHCHOCH  43           ΔH0 298 K = ‐19 kJ/mol 
Recent reviews 4,14− 18 have described advances in the
technology of H2 production, the development of catalysts for
SRE and ORE, the main pathways involved in catalyst
deactivation, and aspects of the reaction mechanism. Nonethe-
less, it is clear that despite the signiﬁcant eﬀorts, important
questions still remain unanswered, so that there is a need for
further studies designed for better understanding these
reactions.
Based on of theoretical and experimental results, in this
review, the reaction pathways and mechanisms of SRE on
metals are ﬁrst analyzed. Then, the three main aspects
concerning SRE and ORE are presented: (i) the eﬀect of the
metal naturethe impact of the particle size and the metal
oxidation state in the SRE performance; (ii) the importance of
the metal surface elect nic properties to obtain a balanced and
stable catalyst; and (iii) the inﬂuence of the support on the
catalyst selectivity and stability.
We believe that a better understanding of the reaction
mechanism and of the three aspects mentioned above should
lead toward the development of new high performance catalysts
for SRE. In this respect, advances in experimental investigations
conducted in situ, or ideally, under operando conditions, as well
as theoretical studies, are central aspects to improve the design
of SRE and ORE catalysts.
2. REACTION MECHANISMS AND PATHWAYS
SRE involves the activation of ethanol and water on the surface
of a metal particle or of a metal oxide support. The eﬀects of
the metal oxide support resulting in either a bifunctional or a
predominantly monofunctional mechanism are discussed in
Section 5. In this section, we discuss the SRE mechanisms
when it occurs on a metal surface.
Scheme 1 summarizes plausible reaction pathways involved
in the SRE over the metal surface, based on both experimental
and theoretical results. The ethanol activation proceeds via
three main pathways: (i) by cleavage of OH bond and
successive dehydrogenation forming a sequence of intermedi-
ates including acetaldehyde (CH3CHO*), acetyl (CH3C*O),
ketene (*CH2C*O), and ketenyl (*CHC*O), represented by
steps 1−5 in Scheme 1; (ii) by CH bond activation followed by
successive dehydrogenation, preserving O−H bond with
formation of intermediates *CH y CH x *OH through steps
1A−2A in Scheme 1; and (iii) by cleavage of O−H and C−H
forming the intermediate *CH2CH2O* (oxametallacycle),
epresented by step 1B in Scheme 1. These pathways can be
interconnected depending on the nature of the metal. Cleavage
of the C−C bond of the intermediates is followed by
hydrogenation/dehydrogenation of CH x *, water activation
and oxidation of C* species.
We start by brieﬂy reviewing the results obtained for ethanol
decomposition on clean metal surfaces, and then the ﬁndings of
experimental and theoretical investigations of SRE are
presented.
2.1. Ethanol Decomposition. Spectroscopic studies using
clean metal surfaces are important means for identifying
intermediates formed during the catalytic reactions or reactant
decomposition.19 In the case of SRE, early studies by Gates et
al.20 showed that ethanol decomposition (eq 3−5) on Ni(111)
led to the formation of acetaldehyde, CH4, CO, H2, and surface
carbon at temperatures between 155 and 500 K, suggesting that
bond activation occurs in the order: (1) O−H, (2) CH2
Scheme 1. Representation of the SRE Reaction Pathways as a Function of Temperature for Diﬀerent Metal Surfacesa
aRed, blue, and green colors indicate main routes on Ni or Co, Pt or Pd, and Rh, respectively; dashed lines are secondary routes.
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asocia  a  la  activación  de  la molécula  de  agua,  ya  que  la  oxidación  de  CO  depende  de  la 
formación de especies HOads. Tras la escisión del enlace C‐C se forma CO, que es adsorbido en 
el  metal  y  oxidado  por  el  agua  (previamente  activada)  a  través  de  la  reacción  de  WGS, 
produciendo H2 y CO2.  
Tanto  la deshidrogenación de especies CHx como  la oxidación con agua de especies Cx 
están  favorecidas  en  sitios  de  baja  coordinación  de  la  fase metálica,  presentes  en mayor 
medida en partículas de menor tamaño, con una alta superficie específica y por tanto mayor 
número  de  sitios  activos,  mientras  que  la  formación  de  CH4  y  coque  está  favorecida  en 
partículas  de  mayor  tamaño.  Por  tanto,  los  sistemas  con  menores  tamaños  de  partícula 




caso  del  cobalto  supone  una  disminución  en  selectividad  a  hidrógeno  y  un  aumento  en  la 
formación de acetaldehído, producto de la deshidrogenación de etanol [ec. 1.17]. Numerosos 
autores  han  estudiado  el  rol  de  especies  Co2+  en  catalizadores  de  cobalto  parcialmente 
oxidados.  Karim  et  al.91  han  realizado  un  estudio  sobre  un  catalizador  de  Co/MgO  con 
diferentes grados de reducción y concluyen que al aumentar  la relación Co2+/Co disminuye  la 
conversión  de  etanol,  debido  a  una menor  capacidad  de  romper  enlaces  C‐C,  así  como  la 
actividad  en  la  reacción  de  WGS.  Además,  identifican  al  Co2+  como  sitio  activo  de  la 
descomposición del etanol  y  la  consecuente  formación de CH4. Por otro  lado, Ávila‐Neto et 
al.92  proponen  que  el  control  de  la  relación  Co2+/Co  puede  promover  el  equilibrio  entre  la 
activación de etanol  y  la oxidación de especies Cads, disminuyendo  la  formación de  coque  y 
estabilizando  la  actividad  del  catalizador.  En  el mismo  sentido,  Llorca  et  al.93  atribuyen  a 
especies  Co2+  un  importante  papel  en  la  estabilización  de  un  catalizador  derivado  de 
hidrotalcita.  Sin  embargo,  aunque  el  dopaje  con  Rh  y  Pt  supuso  un  aumento  de  actividad, 
asociado  a  la  reducción  química  del  cobalto  por  el  efecto  spillover,  la  estabilidad  del 
catalizador  disminuyó  debido  a  la  formación  de  coque.  En  cualquier  caso,  el  estado  físico‐
químico  del  cobalto  parece  jugar  un  papel  crucial  en  la  selectividad  del  proceso.  Como 
veremos,  la presente Tesis Doctoral arroja algo más de  luz en este sentido con un estudio de 
caracterización  in  situ  en  condiciones  de  reacción  de  catalizadores  de Ni‐Co  soportados  en 




crucial  en  la  ruta  que  toma  la  reacción.  En  soportes  ácidos  como  Al2O3  o  ZrO2,  donde  la 
formación de etileno, principal precursor de coque, está favorecida,94,95  el uso de promotores 
como  CeO2  o  La2O3  ayuda  a  minimizar  su  formación.  También,  la  adición  de  cationes 
alcalinos96,97  y  alcalinotérreos98  da  lugar  a  la  inhibición  de  estos  sitios  ácidos,  con  la 
consecuente  reducción  en  la  formación de  coque.  Por otro  lado,  soportes  con propiedades 
rédox,  como  el  CeO2,  han  demostrado  ser  adecuados  para  la  obtención  de  productos 
oxigenados del reformado (CO, CO2) gracias a su capacidad de almacenamiento y movilidad de 





favorece  la  reacción  de WGS.99 Otros  soportes  químicamente  inactivos,  como  la  sílice,  han 
demostrado tener buenas prestaciones en el reformado de etanol. Una de  las ventajas de  la 
sílice es  su baja  actividad en  la deshidratación de  etanol  [ec. 1.16]  (en  ausencia de  centros 
ácidos),  así  como  su  estabilidad  térmica.100  Por  contra,  un  soporte  inactivo  como  la  sílice 
favorece el sinterizado de la fase activa durante la reacción debido a la baja interacción metal‐
soporte. Sin embargo, soportes mesoporosos, como la MCM‐41 o la SBA‐15, limitan el tamaño 
de  partícula  por  efecto  de  confinamiento  de  la  fase  metálica  a  la  vez  que  favorecen  la 
dispersión  de  esta  debido  a  sus  altas  superficies  específicas,  lo  que,  como  ya  explicamos 
anteriormente, disminuye la formación de coque.101  
Como  se  comentó previamente, níquel  y  cobalto  son actualmente  los elementos más 
prometedores en la reacción de reformado de etanol con vapor de agua. Los catalizadores de 
níquel son altamente activos en la ruptura de enlaces C‐C, O‐H y C‐H, pero son poco efectivos 
en  la WGS,  lo  que  impide  la  eliminación  de  CO.102  Por  otro  lado,  los  sistemas  basados  en 
cobalto son muy activos en  la reacción de WGS, además de producir menores cantidades de 
CH4 y coque. Sin embargo, son menos activos en la ruptura de enlaces C‐C, lo que en algunos 
casos  supone  la  formación  de  cantidades  importantes  de  acetaldehído,  producto  de  la 
deshidrogenación  de  etanol  [ec.  1.17].  Muchos  autores  han  mostrado  los  beneficios  de 
combinar  níquel  y  cobalto  en  un  mismo  catalizador  para  reacciones  de  reformado  de 
hidrocarburos.102,103,104,105,106 En el reformado de etanol existen diferentes aspectos en los que 
la combinación de ambos metales puede influir: dispersión metálica, resistencia al sinterizado, 








una  disminución  en  la  relación  (CO+CH4)/CO2,  ya  que  tanto  CH4  como  CO  son  moléculas 
precursoras  de  coque  (descomposición  de metano  [ec.  1.9]  y  reacción  de  Boudouard  [ec. 
1.10]). 
Por último, es importante resaltar que los trabajos citados anteriormente están llevados 
a  cabo  en  condiciones  de  reacción muy  diversas,  por  lo  que  tanto  las  estrategias  para  la 
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Desde que el químico  francés  Louis‐Jacques Thenard descubriera esta molécula en 1818,  su 
uso  como  agente  blanqueador  se  hizo  popular.  Es  considerado  como  uno  de  los  cien 
compuestos  químicos  más  importantes  a  nivel  mundial,109  y  su  uso  más  común  está 
relacionado con  la  síntesis de detergentes, así como en el blanqueamiento de papel y otros 
tejidos, siendo su demanda anual estimada en 4,3 millones de toneladas en 2015.110 Desde el 
punto  de  vista  de  la  química  verde  es  considerado  un  reactivo  “respetuoso”  con  el medio 





   [ec. 1.19]  2242282 2 OHHSOOHOS    
El  uso  de  grandes  cantidades  de  electricidad  lo  convertían  en  un  proceso  altamente 
costoso. Por tanto, a partir de 1940 se desarrolló un nuevo proceso que sigue siendo hoy el 
más  ampliamente  utilizado  para  la  producción  a  gran  escala,  denominado  proceso 
antraquinona,  aplicado  por  primera  vez  en  la  industria  por  IG  Farbenindustrie 
Corporation.110,111  La mayoría  de  autores  lo  denominan  como  un  proceso  de  autoxidación 
(Figura 1.10) de una 2‐alquilantraquinona  (normalmente, 2‐etil‐antraquinona), que  incluye al 















ya que  favorecen  la hidrogenación de  los anillos aromáticos de  la antraquinona para  formar 





5,6,7,8‐tetrahidroantrahidroquinona  (THAHQ),  producto  indeseado,  ya  que  supone  un 
consumo extra de hidrógeno. Por otro  lado,  la etapa de regeneración de  la antraquinona por 
oxidación,  con  la  consecuente  formación  de  peróxido  de  hidrógeno,  se  lleva  a  cabo  sin 





Entre  las  razones por  las que el proceso de antraquinona predomina en  la producción 
mundial de peróxido de hidrógeno (>95%) está el requerimiento de condiciones suaves tanto 
de presión como de  temperatura acompañado de eficiencias elevadas. Adicionalmente, este 
proceso  no  implica  el  uso  de  mezclas  físicas  entre  hidrógeno  y  oxígeno,  potencialmente 
explosivas.  Sin  embargo,  tiene  algunas  desventajas  como  el  impacto  de  las  reacciones 
secundarias, que obligan a regenerar  la disolución de trabajo, pero sobre todo  los diferentes 
pasos  de  purificación  requeridos  tras  la  extracción,  ya  que  la  disolución  de  peróxido  de 
hidrógeno contiene altas concentraciones de  impurezas orgánicas. Una solución al problema 
de  las  reacciones  secundarias  es  la  optimización  de  la  relación  H2/AQ  de manera  que  se 
minimice  la hidrogenación del disolvente o de  los anillos aromáticos de  la antraquinona. En 
cualquier caso, estos  inconvenientes  son  solventados desde el punto de vista económico en 
una producción a gran escala. 
Sin  embargo,  el  uso  de  peróxido  de  hidrógeno  en  el  ámbito  doméstico,  en  síntesis 
inorgánica  o  en  la  industria  electrónica,  requiere  cantidades  y  concentraciones  reducidas. 
Entre  las  alternativas  para  una  producción  a menor  escala  se  encuentran  la  fotocatálisis,  a 
partir de agua y oxígeno, usando catalizadores de Cu/TiO2; celdas de combustible alcalinas, en 
las que el O2 es reducido en el cátodo a la vez que radicales OHads son oxidados en el ánodo; o 




  [ec. 1.20]  2222 OHOH            ΔH0 298 K = ‐186 kJ/mol 
Esta  reacción  es  la  ruta más  simple  para  la  producción  de  peróxido  de  hidrógeno,  y 
permitiría  reducir  los  costes  de  producción  actuales  de  forma  importante  al  disminuir  el 
número  de  etapas,  permitiendo  la  viabilidad  de  algunos  procesos  industriales  como  la 
oxidación de propileno (proceso HPPO)112 o la producción de fenol a partir de benceno.113 Sin 




  [ec. 1.21]  OHOH 22212            ΔH0 298 K = ‐286 kJ/mol 
  [ec. 1.22]  221222 OOHOH            ΔH0 298 K = ‐100 kJ/mol 
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  [ec. 1.23]  OHHOH 2222 2           ΔH0 298 K = ‐386 kJ/mol   
Por otro  lado, el uso de mezclas  concentradas de H2/O2, potencialmente explosivas, 
suponen una  seria barrera en materia de  seguridad para  su  implementación en  la  industria. 
Este problema puede ser atajado usando mezclas de H2/O2 diluidas en gases  inertes  (o poco 



















El  método  catalítico  para  la  síntesis  directa  fue  descrito  por  primera  vez  en  1914, 
utilizando un catalizador de paladio.116 A día de hoy, los sistemas catalíticos basados en paladio 
siguen  siendo  los  preferidos  para  esta  reacción.  En  relación  con  las  reacciones  secundarias 
mencionadas anteriormente, es  importante señalar que todos  los sistemas catalíticos activos 
para  la  síntesis  directa  de  peróxido  de  hidrógeno  lo  son  también  para  su 
hidrogenación/descomposición.117  De  hecho,  ese  es  el  principal  obstáculo  para  la 










El mecanismo  propuesto  por Wilson  y  Flaherty118  en  catalizadores  de  paladio  (Figura 
1.12) consiste en la adsorción de oxígeno e hidrógeno sobre la superficie del metal seguido por 
la disociación de  la molécula de hidrógeno  y  la  formación de  especies H+.  Esto  genera una 
transferencia de electrones hacia el oxígeno (O22‐) con la consiguiente formación de la especie 
intermedia  HO2‐  por  la  captura  de  un  protón,  y  finalmente  de  H2O2  por  la  captura  de  un 














molécula bi‐radical  (posee dos electrones desapareados), por  lo que  su alta  reactividad  solo 
puede  ser  controlada  por  la  temperatura.119  Así,  para  evitar  la  formación  de  agua  por 
combustión  de  hidrógeno  [ec.  1.21],  la  síntesis  directa  de  H2O2  debe  realizarse  a  baja 
temperatura.  Adicionalmente  y  teniendo  en  cuenta  que  la  síntesis  del  peróxido  es  una 
reacción de hidrogenación, es  fácil entender que  la hidrogenación del propio peróxido esté 
favorecida en cierto grado. Por ello, algunos autores sostienen que la selectividad del proceso 
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catalizador  (más  energéticos)  que  el  oxígeno  o  el  hidrógeno,  quedando  así  desplazados, 
mientras  que  estos  son  adsorbidos  preferentemente  en  sitios menos  energéticos,  donde  la 
ruptura del enlace O‐O está poco  favorecida, aumentando  la  formación neta de peróxido de 
hidrógeno.  El  problema  es  que  el  uso  de  haluros  o  ácidos  en  el medio  de  reacción  puede 
producir la corrosión del reactor o incluso la lixiviación del catalizador.134 Además, la presencia 
de  estos  en  el  producto  de  reacción  es  indeseable,  por  lo  que  se  requiere  su  eliminación 
mediante un paso de purificación posterior. 
Una alternativa a la adición de promotores en el medio de reacción consiste en el uso de 
soportes  catalíticos que  incorporen en  su estructura grupos ácidos o halógenos. Edwards et 
al.135 muestran  cómo  al  disminuir  el  punto  isoeléctrico  del  soporte  catalítico  disminuye  la 
actividad en  la hidrogenación del peróxido de hidrógeno. Park et al.,136 de  la misma manera 
que Blanco‐Brieva et al.,137 publicaron  sendos artículos en  los que usaban un  catalizador de 
paladio soportado en óxido de silicio funcionalizado con grupos ‐SO3H, aumentando de forma 
importante  la selectividad del proceso  frente a sistemas no  funcionalizados en ambos casos. 
Por otro lado, Choudhary et al.138 sintetizaron un catalizador de Br‐F‐Pd soportado en alúmina 
que inhibía casi completamente la hidrogenación de peróxido de hidrógeno. 
Otra estrategia para  inhibir  la actividad en hidrogenación/descomposición, y quizás  la  
que mayor  impacto ha  tenido en  lo que  refiere a publicaciones en  revistas  científicas, es el 
dopado con otros metales nobles, principalmente oro.130,139,140,141 Los catalizadores de oro se 
han  descartado  como  útiles  para  la  síntesis  directa  de  peróxido  de  hidrógeno  debido  a  su 
elevada  actividad  en  la  reacción  de  hidrogenación/descomposición.  Sin  embargo,  su 
combinación  con  paladio  supone  una mejora  en  producción  neta  de  peróxido  debido  a  un 
aumento en selectividad con respecto a sistemas monometálicos de ambos metales. La razón 















es decir,  la  interacción del peróxido de hidrógeno  con  la  fase metálica es más débil,  lo que 
favorece su desorción. 
Por último, un  factor que ha demostrado también ser de  importancia es el control del 
tamaño  de  partícula.  Kim  et  al.144 muestran  cómo  la  producción  de  peróxido  de  hidrógeno 
aumenta a  la  vez que el  tamaño de partícula en  sistemas Pd/SiO2 en un  rango de  tamaños 
medio  de  3‐5  nm,  lo  que  estaría  relacionado  a  un  menor  número  de  sitios  energéticos 
(defectos,  esquinas  o  bordes)  en  partículas  de  mayor  tamaño,  donde  la 
hidrogenación/descomposición de peróxido de hidrógeno está favorecida. Menegazzo et al. 145  
proponen,  en  el  mismo  sentido,  que  la  mejor  actividad  en  producción  de  peróxido  de 
hidrógeno por síntesis directa requiere un compromiso entre una alta dispersión, que aumente 
el  número  de  sitios  activos,  y  una  baja  concentración  de  sitios  energéticos.  Por  tanto,  es 
necesario encontrar un tamaño de partícula óptimo que, de acuerdo con  la  literatura, podría 
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En  la  síntesis  directa  de  peróxido  de  hidrógeno,  estos  factores  toman mayor  relevancia  en 
cuanto a que la reacción implica a las fases sólida (superficie del catalizador), líquida (medio de 
reacción) y gas (reactivos). Por tanto, variables como el tipo de disolvente o la presión juegan 






son  la  mejor  opción,  ya  que  se  favorece  la  disolución  de  los  gases  así  como  la  de  los 
promotores de  la  reacción  (haluros o ácidos). El uso de dióxido de  carbono ha demostrado 








carbono  frente  a  otros  como  nitrógeno  o  argón,  aumenta  la  productividad  en  casi  el 
doble.148,149 
Un último factor a considerar es  la temperatura, ya que esta  influye sobre  la velocidad 
de reacción así como sobre la solubilidad de los gases reactivos en la fase líquida. El aumento 
en  la  temperatura  supone  un  aumento  en  la  conversión  de  hidrógeno,  pero  a  la  vez  un 
descenso en selectividad. Una de las razones puede ser la disminución en solubilidad del O2 en 
agua  y  metanol,  mientras  aumenta  la  del  H2,  favoreciendo  la  hidrogenación  del  H2O2.150 
Además,  la  energía  de  activación  de  la  síntesis  de  peróxido  de  hidrógeno  (~24  kJ/mol)  es 
menor que  la de  la hidrogenación/descomposición  (~45  kJ/mol), por  lo que  al  aumentar  la 
temperatura  disminuye  la  selectividad.151  Por  tanto,  una  baja  temperatura  favorece  la 









*  pcHK (H2)=1282 atm∙L∙mol‐1,  pcHK (O2)=769 atm∙L∙mol‐1, siendo  pcHK la constante de Henry medida a 25 °C. Cuanto 







Como  se ha  indicado en  la  sección anterior,  la presente Tesis Doctoral está planteada 
desde varias perspectivas, que incluye en primer lugar el desarrollo de sistemas catalíticos para 
el estudio de reacciones de  interés energético y medioambiental, como son el reformado de 
metano  y  de  bio‐etanol,  y  de  interés  industrial,  como  es  la  síntesis  directa  de  peróxido  de 
hidrógeno  a partir de hidrógeno  y oxígeno. Un  segundo punto de  vista  es  el del diseño de 
catalizadores  metálicos  soportados  utilizando  diferentes  metodologías  para  el  control  del 
tamaño y  la dispersión de  la fase metálica,  la  localización de  la fase activa en el soporte, y  la 
estabilización de su estado físico‐químico en condiciones de reacción.  
En  lo  que  respecta  al  estudio  catalítico  de  reacciones  de  interés  energético, 
medioambiental  e  industrial,  se  han  seleccionado  un  conjunto  de  reacciones  con  gran 
importancia  en  las  últimas  décadas.  Entre  ellas,  la  reacción  de  reformado  de metano  con 
dióxido  de  carbono  se  postula,  más  que  como  una  alternativa,  como  un  proceso 
complementario al reformado de metano con vapor de agua  (implementado  industrialmente 
para la producción de hidrógeno) y que permite ajustar los valores estequiométricos del gas de 









mesoporosa  de  alta  superficie  específica,  la  SBA‐15,  cuyas  propiedades  permiten  obtener 
sistemas metálicos  soportados altamente dispersos además de poder  controlar el  tamaño y 
localización  de  la  fase  activa.  Sin  embargo,  esto  solo  es  posible  optimizando  el método  de 
síntesis del sistema catalítico, que incluye la preparación del soporte y la deposición de la fase 
activa. En nuestro caso hemos utilizado métodos de  impregnación hasta humedad  incipiente, 
de  deposición‐precipitación  con  urea  y  de  intercambio  iónico.  En  cada  caso,  las  estrategias 
elegidas se han basado tanto de  las propiedades requeridas para cada reacción en concreto, 
como de las propiedades del precursor metálico utilizado.   
Para  todos  los  estudios  catalíticos,  las  fases metálicas  seleccionadas  en  cada  caso  se 
corresponden con las más habitualmente presentes en la bibliografía. Así, en el estudio de las 
reacciones de reformado de metano y etanol se han usado sistemas catalíticos con níquel y/o 





La  presente  Tesis  Doctoral  se  ha  estructurado  como  un  compendio  de  artículos,  de 
manera que en  los Capítulos 3‐8 se resumen  los resultados de  los artículos que se presentan 
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en  los Anexos (I‐VI). En concreto,  los Capítulos 3‐5 se corresponden con  los resultados de  los 
estudios de catalizadores de níquel y/o cobalto, así como de la influencia del soporte de sílice 
mesoporosa, en la reacción de reformado de metano con dióxido de carbono. En los Capítulos 
6  y  7  se  recogen  los  resultados  de  catalizadores  de  cobalto  y/o  níquel  en  la  reacción  de 
reformado de etanol con vapor de agua, haciendo hincapié en el estudio in situ del catalizador 
en  condiciones de  reacción. Por último, en el Capítulo 8  se estudia el  comportamiento  y el 
estado  físico‐químico de una  serie de  catalizadores bimetálicos de oro‐paladio activos en  la 
reacción  de  síntesis  directa  de  peróxido  de  hidrógeno  a  partir  de  hidrógeno  y  oxígeno, 
atendiendo  a  diferencias  en  la  composición  superficial  del  catalizador,  con  la  inclusión  de 
grupos  funcionales  orgánicos.  La  parte  experimental  relacionada  con  la  preparación  de  los 
distintos sistemas catalíticos y  los estudios de actividad se encuentra detallada en el Capítulo 
2,  donde  además  se  detallan  los  fundamentos  teóricos  e  instrumentales  de  las  diferentes 











de  sistemas  metálicos  soportados  en 










Capítulo  4.  Estudio  del  efecto  de 




















Capítulo  6.  Identificación de  carburo de 
cobalto  como  sitio activo en  la  reacción 
de deshidrogenación catalítica de etanol 
a acetaldehído. 
SBA‐15, SiO2  Co  Deposición‐precipitación  Co/SBA‐15, Co/SiO2 
Capítulo  7.  Estudio  de  la  reacción  de 
reformado de etanol  con vapor de agua 
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del  método  de  introducción  de  esta  en  el  soporte  y,  por  último,  la  puesta  a  punto  del 
catalizador para  la reacción mediante tratamientos termoquímicos (calcinación, reducción en 
hidrógeno, etc.), cuyo control determina las propiedades finales del catalizador. 
Concretamente,  el  estudio  de  la  reacción  de  reformado  de metano  con  dióxido  de 
carbono  se ha  llevado  a  cabo  a partir de  sistemas monometálicos de níquel  soportados  en 
sílice mesoporosa SBA‐15 por dos métodos: uno de  impregnación hasta humedad  incipiente 
asistida con ultrasonidos (ImU) y otro de deposición‐precipitación con urea (DP). Para evaluar 
las  ventajas  (o  inconvenientes)  del  uso  de  SBA‐15  como  soporte  catalítico,  se  prepararon 
sistemas  análogos  sobre  una  sílice  comercial  de  alta  superficie  específica,  pero  sin  una 
estructura de mesoporos definida.  Además, se evalúo la adición cobalto como segundo metal. 
Para el estudio catalítico de  la  reacción de  reformado de etanol con vapor de agua se 
prepararon  igualmente  sistemas  de  níquel‐cobalto  en  SBA‐15  con  diferente  relación Ni/Co, 
sintetizados mediante el método de deposición‐precipitación con urea.  
Por  último,  se  prepararon  sistemas  bimetálicos  Au‐Pd  soportados  en  SBA‐15  para  el 
estudio de  la reacción de síntesis directa de peróxido de hidrógeno. La fase activa bimetálica 
fue  introducida en el soporte mesoporoso mediante el método de  intercambio  iónico, previa 
funcionalización  de  la  superficie  de  sílice  con  grupos  orgánicos  de  carácter  ácido/base.  La 







al.1  en  1998.  Se  basa  en  un  método  sol‐gel,  consistente  en  la  condensación  de  especies 
tetraetilortosilicato  (TEOS)  en un medio de  reacción  ácido  (HCl) donde  estas  se  encuentran 
asociadas a un agente de estructura (template), en este caso el copolímero en bloque formado 
por  poli(óxido  de  etileno)x‐poli(óxido  de  propileno)y‐poli(óxido  de  etileno)x,  denominado 
habitualmente P123. 
En nuestro  caso, usamos una mezcla de  reacción  formada por TEOS:P123:HCl:H2O en 
una relación molar 1:0.02:9.91:320. El método de preparación consiste, en primer lugar,  en la 
disolución de 18 g de P123 en 270 mL de agua destilada mediante agitación continua. Tras  la 







durante 24 horas a 50  °C. Transcurrido este  tiempo,  la mezcla,  inicialmente  transparente, se 
torna blanca por la formación del sólido. En este momento, ya se ha formado la red de enlaces 
Si‐O‐Si de  la SBA‐15. A continuación, es necesario recuperar el sólido y eliminar el agente de 
estructura  (P123),  lo  cual  puede  realizarse  durante  la  etapa  de  filtrado.  El  procedimiento 
consiste  en  pasar  la  mezcla  a  través  de  un  embudo  Büchner  y  lavar  el  sólido  con  agua 
hirviendo  repetidas veces  con el  fin de extraer  la mayor parte del agente de estructura. Sin 
embargo, para su completa eliminación, es necesario llevar a cabo una etapa de calcinación en 
aire. Para evitar la desestabilización de la estructura mesoporosa, se realiza un secado previo a 








Se  trata de un método convencional en  la  síntesis de catalizadores que consiste en  la 
adición de una disolución del precursor de la fase activa de manera controlada hasta el punto 
de humectación del material, de manera que se consiga la dispersión homogénea de esta por 
todo el material. Sin embargo,  la efectividad de este método, en cuanto a  la dispersión de  la 
fase activa, está  limitada por una mayor o menor capacidad de difusión de esta a  través del 
soporte.  En  soportes muy  porosos  esto  puede  llegar  a  suponer  una  dificultad,  ya  que  su 
difusión puede  ser  limitada, dando  lugar a  la  formación de agregados de  la  fase activa. Una 
mejora en este aspecto consiste en usar ultrasonidos que proporcionen una mayor movilidad 
de la fase activa a través del soporte. 
Para  estas  preparaciones  es  necesario  determinar  previamente  el  volumen  de 
humectación de los soportes utilizados (SBA‐15 y SiO2 mesoporoso). A partir de este valor, se 
prepara  una  disolución  acuosa  del  precursor metálico  (Ni(NO3)2∙6H2O  en  este  caso)  con  la 
concentración necesaria para obtener una  carga metálica  final del 10%  en  el  catalizador. A 
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en  una  sustancia  de  baja  solubilidad,  que  precipita  de  forma  específica  sobre  el  soporte.  
Normalmente,  la transformación se consigue modificando el pH del medio, de manera que el 
agente  precipitante  es  un/a  ácido/base.  Para  que  la  precipitación  se  produzca  de  forma 
específica debe existir cierta interacción entre el precursor metálico y la superficie del soporte. 













El  uso  de  urea  como  agente  precipitante  tiene  atractivo  en  cuanto  a  que  su 
descomposición puede ser controlada modificando  la  temperatura del medio de reacción de 
manera que el aumento de pH ocurra  lentamente  [ec. 2.2]. Por ello, este método se conoce 
también  como  de  precipitación  homogénea,  ya  que  no  implica  aumentos  locales  de  pH, 
indeseables en nuestro caso. 




añade  la urea  (11,55 g). Para  facilitar  la descomposición de esta, generando así un aumento 
the term “heterocondensation” since the condensation reaction
involves a Si complex condensing by oxolation and a Ni
complex condensing by olation. In addition, the claim of
Mizutani et al.18,21 that nickel aqua complex is more acidic than
silicic acid is not obvious since the hydrolysis constant pK1
depends on the ionic strength and the temperature of the s lution,
and the pK1 of Si(OH)4 can vary between 8 and 10,29 while
that of Ni(H2O)6 varies between 9.2 and 10.9 (ionic strength I
) 0) and 6.5-10.2 (I > 0).30 Henry31 pr poses a other
mechanism of heterocondensation than that of Mizutani et al.
(eqs 11 and 12):18,21 when a positively charged complex such
as [Ni(H2O)6]2+ moves toward a neutral species such as Si-
(OH)4, the electrostatic repulsion between the positive charge
and the protons of Si(OH)4 favors the ionization of the latter.
In consequence, the following equations are proposed by Henry:
31
Like for olation reaction (eq 7), heterocondensation kinetics is
governed by a nucleophilic attack. Since [SiO(OH)3]- is a better
nucleophile than [Ni(OH)(H2O)5]+ or Ni(OH)2(H2O)4, it will
condense faster with [Ni(H2O)6]2+. Hence, the following
kinetics order can be deduced: heterocondensation > olation.
In other words, the kinetics of nickel phyllosilicate formation
is expected to be faster than that of nickel hydroxide formation.
This is in agreement with the experimental results mentioned
above: the entity detected within the first seconds of nickel
phyllosilicate synthesis is already a phyllosilicate and not an
hydroxide.
IV. Proposed Model for the Mechanism of
Deposition-Precipitation of the Ni(II) Phase on Silica
To explain the changes observed in the nature of the Ni(II)
phase formed on silica during deposition-precipitation in
standard conditions as a function of the DP time and the support
surface area (Table 1), a mechanism can be proposed.
At the beginning of the basification of the solution, silica is
negatively charged and exhibits cation exchange capacity since
pH > IEP ≈2 (eq 4). As a consequence, the first step of
deposition-precipitation is probably an electrostatic adsorption
of the Ni(II) hexaaqua complexes on the silica support (step 1
in Figure 16). The Ni(II) hexaaqua complexes are in equilib-
rium with [Ni(OH)(OH2)5]+ and Ni(OH)2(OH2)4 (eq 5 and step
2 in Figure 16). The Ni(II) hydroxoaqua complexes close to
the silica surface can react with the silanol groups via an
hydrolytic adsorption (step 3).
Indeed, according to Marcilly and Franck,32 when metal aqua
complexes are hydrolyzed and form hydroxoaqua or oxohydroxo
complexes in basic mediu (eq 5), the so-called hydrolytic
adsorption can occur on the oxide support, providing that the
latter contains surface hydroxyl groups:
According to these authors,32 this reaction is of the same nature
as the condensation reactions occurring during hydroxide
precipitation. Since, only zero-charged precursors can form a
solid phase through infinite condensation reaction (Section
III.1.c), we rathe suggest that this reaction oc urs between the
zero-charged nickel complex and the oxide support:
It can be noted that the hydrolytic adsorption is an heterocon-
densation reaction.
The Ni(II) hydroxoaqua complexes can also react with each
other via olation reaction (eq 7) and form a brucitic layer of
octahedral Ni(II) bonded to the silica surface (step 4). This
brucitic layer bonded to silica can also be considered as a sheet
of 1:1 nickel phyllosilicate (Figure 2a) at the support-solution
interface. Meanwhile, silica starts to dissolve and silicic acid
to be released in solution (see Section III.1.b, and steps 5 and
6). At this point, two features may happen, depending on the
amount of released Si(OH)4, which depends on the silica surface
area and the DP time:
For silica of high surface area (XOA400), the dissolution is
kinetically favored because of the large support-solution
interface (see Section III.1.b). Hence, the amount of silicic
species is large enough to react with the nickel complexes in
solution via heterocondensation reaction and form Si-O-Ni
monomers (step 7). Further polymerization to form layers of
1:1 nickel phyllosilicate (step 8) and growth on the brucitic layer
of Ni(II) bonded to silica lead to the formation of supported
1:1 nickel phyllosilicates.
The solubility of silica of low surface area (XO30LS) is lower
and its rate of dissolution is slower because of the smaller
support-solution interface. Therefore, the amount of Si(OH)4
is low at the beginning of the deposition-precipitation (e4 h).





(z-h)+ + H2O (17)
Si-OH + [Ni(OH2)4(OH)2]f
[Si-O-M(OH2)4(OH)] + H2O (18)
Si(OH)4 + OH
-f [SiO(OH)3]





+ + 2H2O (16)





gradual del pH,  la mezcla es  calentada en  condiciones de  reflujo a 105  °C durante 2 horas, 






Reactivos:  agua  destilada,  HAuCl4∙3H2O  (Sigma‐Aldrich,  CAS:  16961‐25‐4),  PdCl2  (Sigma‐
Aldrich, CAS:  7647‐10‐1), (3‐mercaptopropyl)triethoxysilane (Sigma‐Aldrich, CAS: 14814‐09‐6), 
(3‐aminopropyl)triethoxysilane  (Sigma‐Aldrich,  CAS:  919‐30‐2),  Toluene  anhydrous  (Sigma‐
Aldrich, CAS: 108‐88‐3) H2O2 [30% w/v] (Alfa Aesar, CAS: 7722‐84‐1), SiO2 (Sigma‐Aldrich, CAS: 
112926‐00‐8), SBA‐15. 
La  preparación  de  sistemas  catalíticos  por  intercambio  iónico  consiste  en  la 
impregnación  del  soporte  con  una  disolución  del  precursor  metálico  (o  fase  activa) 
produciéndose  su  inmovilización   por  interacción electrostática. Normalmente, este método 
requiere  un  soporte  con  propiedades  ácido‐base,  de  manera  que  sea  capaz  de 
desprotonarse/protonarse  en  disolución,  permitiendo  la  asociación  de  iones  del  precursor 








15  (secado a 200  °C durante 24 horas) en  tolueno anhidro, a 70  °C en atmósfera  inerte de 
nitrógeno. Tras la completa adición de este, la mezcla es calentada a 110 °C durante 24 horas 
en un sistema sometido a  las condiciones de reflujo. En este proceso se produce  la reacción 
entre  el  agente  de  funcionalización,  (3‐mercaptopropil)trietoxisilano  [MPTES]  o  (3‐
aminopropil)trietoxisilano  [APTES],  y  los  grupos  ‐OH  en  superficie  de  la  sílice,  fenómeno 
conocido como grafting  (Figura 2.2). Tras esto, el producto es  recuperado por centrifugado. 
Con  idea  de  eliminar  los  restos  del  agente  de  funcionalización  sin  reaccionar,  el  sólido  es 
lavado varias veces con tolueno y recuperado nuevamente por centrifugación. Para eliminar el 
tolueno  restante  se  realiza  un  nuevo  lavado,  esta  vez  con  diclorometano,  que  desplaza  al 






tiol  (‐SH)  a  grupo  sulfónico  (‐SO3H),  obteniéndose  los  soportes  SBA‐15‐SO3H  y  SBA‐15‐NH2‐
SO3H, respectivamente. 
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pequeña  cantidad  de  NaBH4  es  disuelta  en  las  aguas  de  filtrado.  El  oscurecimiento  de  la 
disolución  supondría  la  presencia  de  precursor  metálico.  En  nuestro  caso  la  disolución 


























dada,  la relación entre  la presión relativa de un gas concreto y  la cantidad de este adsorbido 
por  masa  de  sólido  depende  de  variables  como  la  superficie  específica  del  material,  su 
porosidad  y  su  estructura  de  poros.  La  curva  que  representa  esta  relación  se  denomina 
isoterma de adsorción. Un análisis detallado de su forma nos da  información sobre el tipo de 





El  método  desarrollado  por  Brunauer,  Emmet  y  Teller  (BET)  en  19383  para  la 
determinación del valor de la superficie específica de un sólido, hoy día el más usado, se basa 
en el modelo de  Langmuir de adsorción de monocapas de un gas  sobre  la  superficie de un 









una  recta  cuya  pendiente  y  ordenada  en  el  origen  permiten  cuantificar  el  valor  de m   y  c, 
siendo m el volumen de gas  requerido para  formar una monocapa completa de gas sobre  la 
superficie del sólido, 0   la presión de vapor del gas,   la presión del gas en equilibrio con el 




















que c>>1, de manera que c‐1≈c, se obtiene una aproximación para  m en un solo punto  [ec. 
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Para  la  estimación  de  la  distribución  del  tamaño  de  poro  el  método  con  mayor 
aceptación es el desarrollado por Barrett, Joyner y Halenda4 en 1951, conocido como método 
BJH. Parte de un modelo que simplifica  la geometría del poro a una cilíndrica y abierta en los 
extremos.  Instrumentaliza  la  ecuación  de  Kelvin  [ec.  2.6],  que  relaciona  la  depresión  en  la 
















donde  *P es la presión crítica de condensación,    la tensión superficial,   el volumen molar 
del condensado,  el ángulo de contacto entre el sólido y el condensado (considerado 0 para 






















ln   donde  A  y  B  son  constantes  que  pueden  ser  calculadas        
empíricamente. 
 




En  la  presente  Tesis  se  han  realizado  numerosos  ensayos  de  fisisorción  de  nitrógeno 
para  la determinación de  la  superficie específica y de  la distribución de  tamaño de poro en 











Se  trata de una  técnica que da  información cualitativa y cuantitativa de  la cinética de 
reducción de un óxido, o mezcla de ellos, en  función de  la  temperatura en presencia de un 
agente reductor. El método consiste en calentar el material con una rampa de calentamiento 
lineal  en  un  flujo  de  gas  reductor,  normalmente H2,  diluido  con  un  gas  inerte  (N2, Ar).  Las 
variaciones en la concentración del gas reductor pueden ser medidas a través de un detector 
de  conductividad  térmica  (TCD).  Este  funciona  mediante  un  puente  de  Wheatstone,  que 
permite conocer la diferencia de conductividad entre un gas de referencia y el gas proveniente 
de  la  muestra  por  variaciones  en  la  temperatura,  y  por  tanto  en  la  resistencia,  de  los 











Los  experimentos  de  reducción  a  temperatura  programada  se  realizaron  en  un 
dispositivo  como  el  que  se  esquematiza  en  la  Figura  2.3,  diseñado  por  Quantachrome 
Instruments®, que incluye un espectrómetro de masas modelo OmniStar GSD 320O (Pfeiffer®) 
como  complemento  al  TCD.  Esto  se  debe  a  que,  mientras  que  el  TCD  da  una  respuesta 
cuantitativa a  las variaciones en  la  composición del gas de muestra por una variación en  su 
conductividad  térmica,  el  espectrómetro  de  masas  da  información  cualitativa  de  la 
composición del gas. 
Las muestras  fueron  introducidas en un  reactor de  cuarzo en  forma de U,  fijadas  con 
lana de  cuarzo  a una  altura  coincidente  con  el  centro del  horno  tubular,  donde  se  sitúa  el 
termopar. En primer  lugar, se hace pasar un  flujo del gas reductor a  través del sistema para 
acondicionar el detector, y eliminar posibles restos de oxígeno y humedad en la línea de gases. 
Una  vez hecho,  se  lleva a  cabo el encendido de  los  filamentos del TCD, el  cual  requiere un 









  [ec. 2.8]  OxHMxHMOx 202   
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Como  referencia  para  la  determinación  cuantitativa  del  hidrógeno  consumido  y  su 
correlación con el área  integrada de  los picos del diagrama (señal del TCD, en mV, frente a  la 






sólido  en  función  de  la  temperatura,  como  consecuencia  de  fenómenos  físicos  y  químicos 
sobre  este.  Estos  fenómenos  pueden  ser  de  descomposición,  oxidación,  evaporación  (o 
sublimación), etc. Las medidas suelen ser de tipo dinámico, registrando de forma continua  la 
masa  del  sólido  sometido  a  una  variación  lineal  de  la  temperatura,  en  una  atmósfera 
controlada.  
Los  experimentos  termogravimétricos  realizados  para  la  presente  Tesis  se  llevaron  a 
cabo con el objetivo de conocer la naturaleza y el contenido de especies carbonosas formadas 















Señal de salida 
(Puente de 
Wheatstone)










Se  trata  de  una  técnica  que  permite  la  caracterización  textural  y morfológica  de  un 
material a escala nano‐ y microscópica, a través de imágenes bidimensionales. Opera bajo los 
mismos  principios  que  un  microscopio  óptico  pero  usando  como  fuente  de  excitación 
electrones  en  vez  de  luz.  Esto  permite,  gracias  a  las  pequeñas  longitudes  de  onda  de  los 



















Para  la obtención de  la  imagen, una  serie de  lentes electromagnéticas condensadoras 
dirigen  el  haz  de  electrones,  generados  en  el  cañón,  en  forma  de  ondas  paralelas  hacia  la 
muestra.  Dependiendo  del  espesor  y  la  densidad  de  la  esta,  cierta  fracción  del  haz  de 
electrones de alta energía  (100‐400 keV) pasará a  través de ella  sin pérdida de energía.  Los 
electrones transmitidos son proyectados sobre una pantalla fluorescente, donde se genera  la 




entre  puntos.  El  registro  de  las  imágenes  se  realizó  a  través  de  una  cámara  CCD  (Gatán) 
acoplada al equipo.  
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Cuando un haz monocromático de  rayos‐X  incide  sobre  los átomos de un material, parte de 




un  número  entero  por  la  longitud  de  onda  del  haz  monocromático,  relación  expresada 
matemáticamente por la Ley de Bragg [ec. 2.9]: 
 
  [ec. 2.9]   dsenn 2    
 
donde n es un número  entero,     la  longitud de onda del haz, d  la distancia  entre  átomos 
dispersantes  y     el  ángulo  formado  entre  la  fuente  de  radiación  y  la muestra.  Así,  en  un 
material  cristalino,  donde  el  valor  de  d  define  la  distancia  entre  una  familia  de  planos 
cristalinos, a cierto ángulo 2θ se producirán máximos de difracción, que pueden ser registrados 
en un difractograma. Una fase cristalina específica posee una serie de planos cristalográficos 
característicos  a  diferentes  valores  de  2θ.  En  muchos  casos  estos  valores  se  encuentran 
tabulados en bases de datos empíricas (como  la  ICDD)7, tanto en ángulo como en  intensidad 
relativa, lo que facilita la identificación de fases cristalinas. 
En  la  caracterización  de  sistemas  catalíticos,  la  técnica  de  difracción  se  usa 
principalmente  para  identificar  fases  cristalinas.  Sin  embargo,  posee  una  limitación  en 
materiales  nanoparticulados,  ya  que  en  estos  el  orden  a  largo  alcance  puede  llegar  a  ser 
pequeño, lo que supone la obtención de picos de difracción muy anchos y poco resueltos. Sin 
embargo,  esto  puede  llegar  a  ser  una  ventaja,  ya  que  la  anchura  de  los  picos  puede  dar 









este),  y K una  constante  (K≈1).  Esta  expresión  es útil  en  cristales  con diámetro  >5 nm, por 
debajo  de  este  valor  el  error  puede  llegar  a  ser  importante  debido  a  la  dificultad  en  la 
estimación de la anchura del pico. 
Las diferentes medidas de difracción de rayos‐X llevadas a cabo para la presente Tesis se 





Brentano,  con  un  tubo  de  rayos‐X  de  Cu  (λkα=1,5418  Å)  y  un  detector  X´Celerator,  sobre 




Es  una  de  las  técnicas  más  específicas  en  el  estudio  de  superficies  en  ciencia  de 
materiales,  ampliamente  aplicada  al  estudio  de  catalizadores  sólidos. Da  información  de  la 




















ambos  procesos  también  se  dan  otros  de  dispersión  que  causan  la  pérdida  de  energía  de 
electrones previamente a  su emisión. Estos procesos  son  los que determinan el background 
del espectro, cuya intensidad disminuye exponencialmente con la Ek. 
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excitado.  Sin  embargo,  no  solo  es  característica  del  elemento  sino  que  también  lo  es  del 






el  flujo  de  electrones  tanto Auger  como  secundarios. Así,  todos  los  picos  del  espectro  son 
desplazados de  la misma manera a mayores energías de enlace. Por  tanto, para analizar un 
espectro de XPS es necesario calibrarlo en energía a través de alguna especie en la muestra de 
la  que  conozcamos  exactamente  su  energía  de  enlace  (en  el  caso  de  sistemas  catalíticos 
basados en SiO2, se suele usar el valor Eb=103,4 eV para el Si2p), necesariamente una especie 
químicamente inactiva. 
Como consecuencia del valor  limitado del  recorrido  libre medio del  fotoelectrón en  la 
muestra, una de  las características más destacadas de esta  técnica es su alta sensibilidad en 
superficie,  lo  que  la  hace  interesante  en  el  estudio  de  la  dispersión  de  fases  metálicas 
soportadas. Así,  la  relación de  intensidad de  la  señal de algún elemento presente en  la  fase 










diferentes  temperaturas  (hasta  750°  C)  conectada  a  la  pre‐cámara.  La  línea  de  gases  se 




















de  los  estados  inicial  y  final  del  electrón  excitado  [ec.  2.12],  decaería  de  forma monótona 
conforme aumenta  la energía de excitación. En cambio, si el átomo absorbente se encuentra 
rodeado de otros átomos,  la onda correspondiente al estado  final del electrón excitado será 
parcialmente  retrodispersada  por  estos,  generándose  ondas  con  sentido  inverso  al  de 
propagación  de  la  onda  primaria,  dando  lugar  a  fenómenos  de  interferencia  constructiva  o 





En un espectro XAS  se pueden distinguir dos  zonas en  función de  la  información que 
pueden ofrecer, una denominada XANES (X‐ray Absorption Near Edge Structure), cercana a la 
energía de  excitación del nivel  atómico del  electrón  (umbral de  absorción, 0‐50  eV),  y otra 
denominada EXAFS (Extended X‐ray Absorption Fine Structure), que se prolonga desde 50 eV 
hasta 1000  eV  a partir de  esta  energía  (Figura 2.7).  El  espectro  en  la  zona XANES  contiene 
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En un experimento de XAS en transmisión,  la  intensidad transmitida  )(EI  de un haz de 
rayos‐X de cierta energía a través de una muestra se relaciona con la intensidad del haz previa 
a la interacción con la muestra,  )(0 EI , según la Ley de Beer [ec. 2.13]: 


















procesos de  retrodispersión múltiple del  fotoelectrón, de baja  energía  cinética, por  átomos 
vecinos  de  diversa  índole.  El  fenómeno  de  retrodispersión  da  lugar  a  oscilaciones  en  el 
espectro de absorción  (Figura 2.7) generadas por su  interferencia sobre  la sección eficaz del 






A  partir  de  cierta  energía  de  excitación,  estas  oscilaciones  son  dominadas  por 






Si  consideramos  µ0  como  el  coeficiente  de  absorción  de  un  hipotético  átomo  absorbente 
aislado, µ se podría expresar como  la variación en µ0 por una perturbación  )(E proveniente 
de los fenómenos de retrodispersión [ec. 2.15]: 





















donde  E0  es  la  energía  del  umbral  de  absorción  y m  la masa  del  electrón.  Las  diferentes 
frecuencias que aparecen en  las oscilaciones de  )(k   corresponden a  la  retrodispersión del 




















que  componen  la  esfera  de  coordinación  j;  fj,  la  amplitud  de  la  retrodispersión,  la  cual  es 
característica  de  cada  elemento;  Rj,  la  distancia  al  átomo  absorbente;  )(/2 kR jje    refleja  las 
pérdidas  inelásticas en el proceso de dispersión, donde µj(k) es el  recorrido  libre medio del 
fotoelectrón;  222 jke  da  cuenta  del  desorden  atómico,  siendo  σ2  el  fator Debye‐Waller;  por 
último,  )(kj  es  la  función de desplazamiento de  fase. Así pues, a partir de  la  función  )(k , 
obtenida  experimentalmente,  y  estimando  µj(k),  fj  y  )(kj ,  la  “ecuación  EXAFS”  permite 
determinar N, R y σ2. 
En  la práctica,  la determinación de  )(k  a partir de  la ecuación  [ec. 2.16]  requiere  la 
estimación de µ0(k),  ya que no  es posible  conocer  este  valor de una manera  experimental. 
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Por último, el análisis de  )(k  puede ser simplificado considerando que  tal  función es 
una superposición de diferentes funciones seno (generadas por  la retrodispersión de átomos 
en diferentes esferas de coordinación), por lo que separando cada una de ellas por aplicación 
de  la transformada de Fourier en el  intervalo de k de  la región EXAFS, se obtiene  la conocida 









ikrn dkekkr   
El uso del  término kn  (donde n=1, 2 ó 3)  se usa para aumentar el peso en  la  integral de  las 
oscilaciones  a mayores  valores  de  k,  ya  que  al  aumentar  k  disminuye  la  amplitud  de  estas 
como  consecuencia de una menor  intensidad en  retrodispersión  (fj)  y de un  aumento en el 




sincrotrón. Un  sincrotrón provee de un  rango completo de  longitudes de onda dentro de  la 
región de  los rayos‐X, que por medio de un monocromador, normalmente un monocristal de 
silicio, y aplicando la condición de Bragg, selecciona una longitud de onda en particular. En la 
Figura  2.8  se  puede  observar  el  funcionamiento  de  una  estación  para medidas  XAS  en  el 
interior de un sincrotrón. 
Los  experimentos  cuyos  resultados  contiene  la presente  Tesis  fueron  realizados  en  la 
línea BM25  (Spline,  línea  española)  del  sincrotrón  ESRF  (Grenoble,  Francia),  así  como  en  la 
línea BL22 (CLAESS) del sincrotrón ALBA (Barcelona, España). En todos  los casos se  llevaron a 
cabo en modo de transmisión, utilizando como detectores dos cámaras de ionización de gases 
(una para  la cuantificación de  la  intensidad del haz previo a  la muestra (I0), y otro para  la del 
haz  transmitido  (I1)).  Los experimentos en atmósfera  controlada  (experimentos  “operando”) 
fueron realizados usando una celda comercial para experimentos en transmisión con ventanas 
de  kapton  (invisibles  para  los  rayos‐X),  equipada  con  un  sistema  calefactor  acoplado  al 
portamuestras capaz de calentar esta hasta 750 °C, además de un sistema de entrada y salida 
de  gases  para  experimentos  en  flujo  continuo.  La  muestra  era  compactada  en  forma  de 
pastilla,  en  una  cantidad  optimizada  para  una  buena  relación  señal/ruido.  Tanto  la 
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elementos del dispositivo experimental, así  como  la dinámica de  los gases en  las diferentes 
fases del experimento. El  flujo de estos es obtenido mediante controladores de  flujo másico 
(MFC, Bronkhorst®)  conectados a  líneas de  cada uno de  los gases a una presión óptima de 
trabajo (4 bar). Tanto los MFC como el controlador de temperatura del horno son manejados 
mediante  electrónicas  en  las  cuales  se  selecciona  la  apertura,  en  el  caso  de  los MFC,  y  la 
potencia, en el caso del horno, por  lo que deben  ser calibradas previamente. En el caso del 
horno, la lectura de la temperatura viene dada por el termopar, situado próximo a la muestra 
de catalizador. La muestra, en  forma de polvo,  se encuentra bloqueada en el  interior de un 
tubo de cuarzo (0,8 mm de diámetro) mediante lana de cuarzo.  
El  análisis  de  los  gases  a  la  salida  del  reactor  catalítico  se  llevó  a  cabo mediante  un 
cromatógrafo de  gases.  Estas medidas  fueron  realizadas mediante un  equipo 490 micro GC 








En  lo  que  respecta  a  las  condiciones  experimentales  del  test  catalítico,  todos  los 
experimentos fueron llevados a cabo usando 20 mg de catalizador fijados en el interior de un 
tubo de cuarzo mediante  lana de este mismo material. Tras un pretratamiento de la muestra 
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ciertas  modificaciones.  Al  tratar  con  reactivos  líquidos,  como  son  el  agua  y  el  etanol,  es 
necesario mantener en  todo momento  tanto a  reactivos como productos en  forma gaseosa. 
Así, la mezcla etanol‐agua es vaporizada previo al contacto con el gas portador, helio. Para ello, 
el sistema se encuentra calefactado a 200 °C a través de la estación isoterma. Con el fin de que 
la mezcla  etanol‐agua  alcance  la  temperatura de  vaporización  antes de  llegar  al  reactor,  se 
hace pasar por un evaporador en  forma de serpentín  (loop), aumentando el tiempo de paso 
por  la estación  isoterma. Tras  la salida del reactor es necesario mantener  la mezcla en forma 






En cuanto a  las condiciones experimentales del  test catalítico,  todos  los experimentos 
fueron  llevados  a  cabo  usando  100 mg  de  catalizador  fijados  en  el  interior  de  un  tubo  de 
cuarzo  mediante  lana  de  este  mismo  material.  Tras  un  pretratamiento  de  la  muestra  en 
5%H2/Ar a 750 oC durante 1 h (usando una rampa de calentamiento de 10 oC∙min‐1), la reacción 
fue  llevada a cabo usando un flujo total de 0,02 mL∙min‐1  (en fase  líquido) de una mezcla de 






















































en  el  estudio de  la DSHP.  Los  gases  son  suministrados  al  reactor  a  través de  líneas de  alta 





Para el estudio de  síntesis directa de H2O2  se  realizaron ensayos  tanto de producción 
como de hidrogenación/descomposición de H2O2. En todos los casos se usó la cantidad de 10 
mg  de  muestra  dispersos  en  10  mL  de  una  mezcla  equimolar  de  metanol/agua  (en  los 
experimentos  de  hidrogenación/descomposición  se  añadió  inicialmente  H2O2  hasta  una 
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6  Malet,  P.  and  A.  Caballero,  The  Selection  of  Experimental  Conditions  in  Temperature‐Programmed  Reduction 
Experiments. Journal of the Chemical Society‐Faraday Transactions I, 1988, 84: 2369‐2375. 
7 http://www.icdd.com/ 
8  Owens,  A.,  Synchrotron  Light  Sources  and  Radiation  Detector Metrology.  Nuclear  Instruments  & Methods  in 
Physics Research Section A‐Accelerators Spectrometers Detectors and Associated Equipment, 2012, 695: 1‐12. 
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El  conocimiento  en  detalle  de  un  sistema  catalítico  requiere  el  análisis  de  sus 
propiedades  físico‐químicas,  texturales  y  estructurales,  a  través  de  la  combinación  de 
diferentes  técnicas  de  caracterización. Desde  el  punto  de  vista  de  la  catálisis  heterogénea, 









actividad de  los sistemas de níquel en esta  reacción depende  tanto del  tamaño de partícula 




del  catalizador.  De  esta manera,  el  uso  de  un material mesoporoso  como  la  SBA‐15,  con 




En  este  trabajo,  los  sistemas  catalíticos  estudiados  se  han  sintetizado  utilizando  los 
métodos de  impregnación hasta humedad  incipiente (ImU) y de deposición‐precipitación con 













Caracterización físico-química de sistemas metálicos soportados en 
materiales mesoporosos: estudio del sistema Ni/SBA-15
 
 
3.2 Caracterización  de  los  sistemas:  particularidades  según  el  método  de 
preparación 




(DP)  no  se  observan  los  picos  asociados  a  esta  fase  y  sí  los  correspondientes  a  una  de 




mayor que  los correspondientes a  la fase de óxido de níquel en el sistema Ni/SBA‐15 ImU,  lo 
















importantes  diferencias  entre  ambos  sistemas  (Figura  3.2).  En  el  sistema  preparado  por 
impregnación  (Figura 3.2a) aparecen agregados de color oscuro de 5‐10 nm dispersados por 
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de  la  sal  metálica  (Figura  3.2a)  conserva  de  forma  muy  clara  su  estructura  de  canales 
característica (vid. Capítulo 1, apartado 1.2.1), distinguiéndose tanto  la disposición hexagonal 
de estos desde una vista  transversal  (apreciable en  la parte  inferior de  la  imagen), como  su 
prolongación longitudinal. En cambio, en la Figura 3.2b, correspondiente al sistema preparado 
por DP,  vemos  cómo  se ha  perdido  en  parte  la  estructura  característica  de  la  SBA‐15,  o  al 
















Las  diferencias  estructurales  y  texturales,  observadas  mediante  XRD  y  TEM,  se  ven 
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004‐0850)  aunque  con  tamaños  de  dominio  cristalino muy  diferentes,  de  acuerdo  con  los 
valores calculados mediante la ecuación de Scherrer (vid. Capítulo 2, apartado 2.2.4), que dan 
como resultado un valor medio de 17 y 4 nm en los sistemas Ni/SBA‐15 ImU y Ni/SBA‐15 DP, 
respectivamente.  Sin  embargo,  este  es  un  valor medio  y  no  da  cuenta  de  la  dispersión  de 
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Las  imágenes  obtenidas  por  TEM  del  sistema  Ni/SBA‐15  ImU  reducido  (Figura  3.5a) 
muestran una distribución bimodal de tamaños de partícula, con una pequeña proporción de 
mayor diámetro  (>15 nm),  localizadas necesariamente  fuera de  la estructura de mesoporos 
(pues el diámetro de los canales es de 6‐8 nm), y un conjunto mayor de partículas de diámetro 
en el  rango de  los 5‐10 nm, cuya  localización dentro o  fuera de  los canales de  la SBA‐15 no 
puede  ser  determinada  por  inspección  visual,  aunque  en  muchos  casos  se  disponen 
claramente ordenadas de forma  longitudinal a estos.‡ Por otro  lado, el sistema Ni/SBA‐15 DP 
reducido (Figura 3.5b) presenta partículas de níquel altamente dispersas sobre el soporte, con 
diámetros  homogéneos  en  torno  a  los  4‐5  nm.  Además,  una  inspección  visual  detallada 
muestra cómo la mayor parte de las partículas siguen la senda de los canales mesoporosos, lo 
que podría indicar su presencia dentro de estos. También se observan partículas embebidas en 
algunas  zonas  donde  el  soporte  ha  perdido  su  estructura  característica  (vid.  zona  inferior, 
dcha.),  presumiblemente  debido  al  propio método  de  preparación  del  catalizador  (DP).  En 






Figura  3.5a.  Con  objeto  de  clarificar  este  punto,  hemos  llevado  a  cabo  el  estudio  de  la 
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del  espectro,  tanto  en  intensidad  como  en  posición,  con  las  de  una  referencia  de  níquel 
metálico  (línea verde). Por otro  lado, el espectro del sistema calcinado Ni/SBA‐15 DP  (Figura 



















Usando como  referencia  los espectros de un patrón de óxido de níquel  (másico) y de 
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del  ajuste),  valores  coherentes  con  lo  observado  en  los  correspondientes  perfiles  de  TPR, 
donde  se  aprecia  cómo,  a  tal  temperatura,  en  el  sistema  Ni/SBA‐15  ImU  se  ha  alcanzado 
prácticamente el máximo del segundo pico de reducción, centrado a 540 °C, mientras que en 
el caso de la muestra Ni/SBA‐15 DP solo podemos esperar la reducción del pequeño “hombro” 






% Ni0   % Ni0   NC  ΔE0 (eV)  R (Å)  D‐W (Åx10‐3) 
Ni/SBA‐15 ImU   90  100  11,4  6,841  2,48  0,006 
Ni/SBA‐15 DP  25  100 10,2 6,799 2,48 0,006 
Tabla 3.1  Estimación por XANES del porcentaje de níquel metálico en los sistemas Ni/SBA‐15 reducidos a 500 y 750 
°C, y parámetros de ajuste de  la pseudo‐función de distribución  radial  tras el  tratamiento en hidrógeno a 750 °C 
(medido a temperatura ambiente). 
   
Sin  embargo,  el  análisis  de  los  resultados  obtenidos  mediante  XPS  in  situ  tras  los 
tratamientos de reducción a 350, 500 y 750 °C (Figura 3.7), aparenta no ser congruente con las 
conclusiones  expuestas más  arriba  a  partir  de  los  perfiles  de  TPR  (Figura  3.3).  Así,  en  la 
muestra  Ni/SBA‐15  ImU,  la  señal  de  Ni2p  tras  el  tratamiento  en  hidrógeno  a  350  °C 
corresponde a una fase de níquel totalmente reducida, con un máximo a 351,8 eV en la señal 









3.5)  muestran  cómo  a  esta  temperatura  solo  una  pequeña  parte  del  níquel  debería 
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Teniendo  en  cuenta  la  sensibilidad  superficial  de  la  técnica  de  XPS,  estos  resultados 
pueden entenderse considerando que en  la muestra Ni/SBA‐15 DP  la mayor parte del níquel, 
no reducible a 500 °C, se encuentra en el interior de la estructura de canales mesoporosos de 
la SBA‐15,  lo que  lo hace “invisible” por XPS. De esta manera,  los resultados son coherentes 
con la existencia de fases de níquel oxidado tanto a 350 °C en el caso de la muestra Ni/SBA‐15 
ImU, como a 500 °C en la Ni/SBA‐15 DP, indetectables por XPS. En el caso de la Ni/SBA‐15 ImU, 
el  perfil  de  TPR  indica  que  a  350  °C  solo  el  proceso  de  reducción  del  primer  pico  estaría 
completado,  indicando  que  solo  esta  primera  especie  reducible  a  baja  temperatura  es 
detectable por XPS y que, por tanto, debe encontrarse en la superficie externa del soporte. La 
proporción de esta especie  según el perfil TPR es de, aproximadamente, un 50% del níquel 
presente  en  la  muestra,  el  cual  debe  corresponder  con  las  partículas  de  mayor  tamaño 
detectadas  por  TEM  (Figura  3.5b),  necesariamente  localizadas  fuera  de  la  estructura 
mesoporosa. El resto del níquel, indetectable por XPS pero sí por XAS, permanece como NiO, y 
correspondería con las partículas de menor tamaño en el interior de los canales de la SBA‐15. 
Así,  debido  a  su  localización  en  el  interior  de  los mesoporos,  esta  fase  de  NiO  de mayor 




proceso de  reducción  en hidrógeno  a 750  °C  aparecen partículas de mayor  tamaño,  lo que 
significa que la localización de la fase de NiO en el interior de los canales de la SBA‐15, además 
de  disminuir  la  reducibilidad  del  níquel,  previenen  su  sinterizado  durante  el  proceso  de 
reducción, y esto a pesar de ser reducidas a mayor temperatura.  
De  forma  similar,  el  níquel metálico  detectado  por  XPS  en  la  Ni/SBA‐15  DP  tras  el 
tratamiento  de  reducción  a  350  °C  debería  corresponder  a  la  fase  de  níquel  minoritaria 
a  b 
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(Figura  3.3),  atribuible  a  una  fase  de  NiO  superficial  altamente  dispersa,  precursora  de 
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En  este  trabajo  se  han  estudiado  las  propiedades  físico‐químicas  de  dos  sistemas 
Ni/SBA‐15 preparados por dos metodologías diferentes. En ambos sistemas se han encontrado 
grandes diferencias en cuanto a la naturaleza de la fase metálica, su localización en el soporte 
y  al  comportamiento  químico  frente  a  la  reducción  con  hidrógeno.  En  el  caso  del  sistema 
Ni/SBA‐15  ImU  calcinado,  que  según  las  imágenes  TEM  posee  inicialmente  agregados  de 
tamaño  homogéneo  (de  5‐10  nm),  el  proceso  de  reducción  genera  partículas metálicas  de 
tamaño heterogéneo, con una distribución bimodal. Por un lado, partículas de mayor tamaño 
(>15 nm), que por  tanto deben estar  localizadas en  la superficie externa de  la SBA‐15; y por 
otro  lado,  partículas  de  tamaño  reducido  (5‐10  nm),  obtenidas  a  mayor  temperatura  de 
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Ligands  in  the  Preparation  of Ni/SiO2 Materials. A  XAFS  study.  Journal  of  the American  Chemical  Society,  1998, 
120(9): 2059‐2070. 
9  Ravel,  B.  and M. Newville,  ATHENA,  ARTEMIS, HEPHAESTUS: Data  Analysis  for  X‐Ray  Absorption  Spectroscopy 
Using IFEFFIT. Journal of Synchrotron Radiation, 2005, 12: 537‐541 
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En  el  presente  capítulo  se  describen  las  propiedades  físico‐químicas  y  el 
comportamiento catalítico en la reacción de reformado seco de metano (DRM) de un conjunto 
de  catalizadores  de  níquel  preparados  usando  la  metodología  descrita  en  el  Capítulo  3, 
incluyendo  como  referencia  un  soporte  de  sílice  comercial  de  alta  superficie  específica  y 
mesoporosidad abierta, al que identificaremos como SiO2, con objeto de dilucidar el papel de 
la estructura mesoporosa de la SBA‐15 en la actividad catalítica.  
Basándonos  en  los  resultados  de  caracterización  expuestos  en  el  capítulo  anterior, 
hemos  llevado  a  cabo  una  descripción  e  interpretación  de  los  resultados  catalíticos, 
atendiendo a factores cuya influencia en la actividad catalítica ha sido ampliamente estudiada 
por numerosos autores, como son el tamaño de partícula metálica, la formación de coque o la 
influencia del  soporte  (vid. Capítulo  1,  apartado  1.4.1).  En  este  sentido,  el  uso de  soportes 
mesoporosos ha sido nuevamente propuesto por diversos autores como una alternativa para 
mejorar  el  rendimiento  catalítico  en  reacciones  de  reformado.1,2  Normalmente,  estos 




limitado por  el diámetro de poro, que ofrecen una  alta  actividad  y  estabilidad  catalítica  en 
reacciones de reformado.4,5 Por otro lado, el grosor de la pared entre canales (3‐5 nm) confiere 
una gran estabilidad térmica y mecánica al catalizador en las condiciones de reacción en DRM6 
en comparación con otros soportes análogos de sílice, como son  los de  la  familia M41S  (vid. 
Capítulo 1, apartado 1.3).   
Con  el  fin  de  aclarar  algunos  de  estos  aspectos,  se  ha  llevado  a  cabo  un  estudio 




químico  de  la  fase  activa  del  método  de  preparación,  así  como  la  importancia  de  las 
propiedades del soporte. Atendiendo al método de preparación (impregnación hasta humedad 
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Las  isotermas de adsorción de nitrógeno obtenidas  tanto para  los soportes como para 









método  ImU presentan una disminución del  15%  en  superficie  específica  (desde  534  a 451 
m2∙g‐1)  con  respecto al  soporte original,  siendo de un 40% en el  caso del método DP. De  la 
misma manera que lo observado previamente con el soporte de SBA‐15, el tamaño medio de 



















SBA‐15 698 6,7 ‐ ‐ 
Ni/SBA‐15 ImU  440 6,5 0,68 17,0 
SBA‐15 tratado con urea 249 9,1 ‐ ‐ 
Ni/SBA‐15 DP  301 8,8 11,27 5,7 
SiO
2
  534 4,3 ‐ ‐ 
Ni/SiO
2
 ImU  451 4,5 0,86 11,0 
SiO
2
 tratado con urea 331 8,2 ‐ ‐ 
Ni/SiO
2
 DP  331 6,3 5,05 6,1 
Tabla 4.1  Área superficial específica y tamaño medio de poro obtenido a partir de las isotermas de adsorción de N2, 




La Figura 4.1 muestra  las  imágenes TEM de  los diferentes sistemas calcinados. Ambos 
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lado, no  se observan picos asociados a ninguna  fase de NiO. Como podemos observar en  la 
Tabla  4.1,  el  tamaño  de  cristalito  de  la  fase  de  hidróxido  silicato,  calculado  mediante  la 
ecuación de Scherrer, es bastante reducido, con un valor próximo a 6 nm en ambos soportes. 
Considerando que  los soportes poseen diferente superficie específica, con una diferencia de 



















En el caso de  los  sistemas preparados por el método  ImU,  la caracterización por TEM 
(Figura  4.1,  imágenes  c  y  d) muestra  en  ambos  casos  la  formación  de  pequeños  cúmulos 
oscuros de una fase de níquel, que por XRD es identificada como NiO cúbico (JCPDS 044‐1159), 
con  picos  característicos  a  37,  43  y  63°  (Figura  4.2).  Sin  embargo,  el  tamaño  de  cristalito 
cuantificado  por  XRD difiere  entre  el  sistema Ni/SBA‐15  ImU  y  el  sistema Ni/SiO2  ImU,  con 
valores medios de 17 y 11 nm,  respectivamente. Esto podría explicarse  teniendo en  cuenta 
que la porosidad del soporte SiO2 es abierta en superficie, por lo que la difusión el precursor de 
níquel a través de estos poros abiertos está menos obstaculizada que en el caso de la SBA‐15, 




Estudio del efecto de confinamiento del níquel en un soporte mesoporoso 

















Para completar  la caracterización por XRD de  la fase metálica, se ha  llevado a cabo un 
estudio mediante  espectroscopía  de  absorción  de  rayos‐X  (XAS).  La  Figura  4.3a muestra  el 
espectro XANES del sistema Ni/SBA‐15 ImU, cuya forma es característica de una fase de NiO,10 
como  ya  se discutió  previamente  en  el  Capítulo  3.  Por otro  lado,  la muestra Ni/SBA‐15 DP 
presenta ciertas diferencias en el primer máximo a partir del umbral de absorción (~8350 eV), 
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de  coordinación de  la  fase  cúbica de NiO.§ Por otro  lado, el máximo mucho menos  intenso 
centrado a 2,93 Å que aparece en la muestra Ni/SBA‐15 DP se corresponde con la presencia de 
Si en segunda esfera de coordinación, junto con Ni, en la fase de filosilicato de níquel.11,12  
Para  completar  la  caracterización  físico‐química  de  los  sistemas  calcinados,  se  ha 
realizado un estudio mediante espectroscopía fotoelectrónica de rayos‐X (XPS). En la Figura 4.4 
se  representan  los  espectros  obtenidos  para  los  diferentes  sistemas  estudiados.  Como  ya 
vimos  en  el  Capítulo  3,  se  puede  observar  un  desplazamiento  de  +1,6  eV  en  las muestras 














Uno  de  los  aspectos más  llamativos  de  los  distintos  espectros  obtenidos  es  la  gran 
diferencia de intensidad de la señal de Ni2p en función del soporte (SBA‐15/SiO2) y del método 





diferencia  de  un  orden  de magnitud,  lo  que  concuerda  con  los  resultados  de  tamaño  de 
                                                            
§La gran  intensidad del pico asociado al enlace Ni‐Ni en segunda esfera de coordinación de  la  fase de 
NiO cúbico se explica por un efecto de múltiple scattering favorecido por la linealidad del enlace Ni‐O‐
Ni. Por ello, en  la  fase de hidróxido silicato, donde no se da  tal situación,  la  intensidad disminuye de 
forma muy considerable en comparación.  
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un  valor  próximo  a  6  nm, mientras  que  en  los  sistemas  preparados  por  el método  ImU  el 
tamaño medio sobrepasa  los 10 nm,  lo que  indica una mayor dispersión en  los primeros. Por 
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Ni/SBA‐15 ImU [H2,750 °C]  338  7,2  0,38  12,1  9,7 
Ni/SBA‐15 DP [H2,750 °C]  265  10,7  1,81  3,7  4,4 
Ni/SiO2 ImU [H2,750 °C]  433  4,3  0,42  19,5  21,7 
Ni/SiO2 DP [H2,750 °C]  240  7,1  1,38  3,6  5,7 
Tabla 4.2  Área superficial específica y tamaño medio de poro obtenido a partir de las isotermas de adsorción de N2, 
porcentaje  atómico  de  níquel  calculado  por  XPS,  tamaño  promedio  de  cristalito  calculado  por  la  ecuación  de 
Scherrer y tamaño promedio de partícula determinado por TEM, para los diferentes sistemas de níquel. aCalculado 








cuanto  a  los  sistemas  ImU,  la muestra  soportada en  SBA‐15 presenta un  tamaño medio  en 
torno a 10‐12 nm, bastante menor que en su sistema homólogo soportado en SiO2, de 19‐22 
nm. Sin embargo, como se  indicó anteriormente en  las muestras calcinadas esta situación es 
inversa  (vid. Taba 4.1),  con  tamaños de partícula de  la  fase de NiO menores en el  caso del 
catalizador Ni/SiO2 ImU. Esto podría explicarse considerando que en el sistema Ni/SBA‐15 ImU 
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uno  de  los  sistemas  calcinados  junto  con  el  de  un  patrón  de  NiO  comercial.  Se  pueden 
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observarse en  los histogramas  incluidos en  la  Figura 4.8. En estos  se observa  claramente  la 
gran homogeneidad en los tamaños de las muestras preparadas mediante el método DP, y en 






















Los  sistemas  ImU muestran  un  valor  similar  en  el  tamaño  promedio  de  partícula,  en 
torno a 15‐20 nm, pero con una distribución de tamaños mucho más heterogénea (Figura 4.8c‐
d). Un análisis detallado de  las  imágenes permite  identificar un gran número de partículas de 
diámetro en el  rango de  los 5‐15 nm, y un  relativamente pequeño número de partículas de 
más  de  20  nm  en  el  sistema Ni/SBA‐15  ImU  (5%),  siendo  bastante mayor  en  el  caso  de  la 
muestra Ni/SiO2 ImU (25%), presentando además una considerable cantidad de partículas por 
encima de 30 nm (no observable en la Ni/SBA‐15 ImU).  
Llegados a este punto, sería  interesante estudiar  las propiedades físico‐químicas de  los 
catalizadores durante el propio proceso de reducción que, como veremos, puede dar una idea 
de  la  localización de  la  fase metálica en el material y de su  interacción con este. Así, ambos 
catalizadores  de  níquel  soportado  en  SBA‐15  fueron  analizados  in  situ  mediante 
99
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Con  objeto  de  estimar  la  cantidad  porcentual  de  cada  fase  tras  el  tratamiento  en 
hidrógeno a 500 °C, se llevó a cabo el ajuste del espectro XANES a través de una combinación 
lineal de  los  espectros de una  referencia de óxido  de níquel  y  de una  lámina  comercial  de 
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% Ni0   % Ni0   NC  ΔE0 (eV)  R (Å)  D‐W (Åx10‐3) 
Ni/SBA‐15 ImU   90  100  11,4  6,841  2,48  0,006 
Ni/SBA‐15 DP  25  100 10,2 6,799 2,48 0,006 
Tabla 4.3  Estimación por XANES del porcentaje de níquel metálico en los sistemas Ni/SBA‐15 reducidos a 500 y 750 
°C, y parámetros de ajuste de  la pseudo‐función de distribución  radial  tras el  tratamiento en hidrógeno a 750 °C 
(medido a temperatura ambiente). 
 
Un  estudio  análogo  del  catalizador  Ni/SBA‐15  DP muestra  un  comportamiento muy 
diferente  a  este  sistema  catalítico.  El  tratamiento  en  hidrógeno  a  500  °C  modifica  muy 
levemente el espectro XANES de la muestra calcinada (Figura 4.10). Realizando el mismo ajuste 
que  el  indicado  previamente  en  los  espectros  análogos  del  catalizador  preparado  por  el 
método  ImU,  se  ha  estimado  una  reducción  en  torno  al  25%  para  la muestra  sometida  al 
tratamiento en hidrógeno a 500 °C, valor que alcanza el 100% de reducción tras el tratamiento 
a 750 °C (Tabla 4.3). De nuevo, la estimación por TEM del tamaño de partícula concuerda con 
el  bajo  número  de  coordinación  a  partir  de  los  ajustes  EXAFS,  de  10,2,  correspondiente  a 






La  caracterización  del  proceso  de  reducción  de  las  fases metálicas  de  níquel  se  ha 
completado  mediante  espectroscopía  fotoelectrónica  de  rayos‐X  (XPS).  Para  ello,  se  han 
realizado  experimentos  mediante  XPS  in  situ  a  diferentes  temperaturas,  durante  el 
tratamiento de  reducción en  flujo de hidrógeno. La Figura 4.11  incluye  los espectros XPS de 
cada  uno  de  los  catalizadores  tras  los  diferentes  tratamientos  térmicos  de  calcinación  y 
reducción  en  hidrógeno  a  350,  500  y  750  °C.  Como  ya  se  comentó  en  el  apartado  4.2,  los 
espectros de  los sistemas  ImU calcinados son característicos de Ni2+ en  la  fase NiO, mientras 
que los de los sistemas DP se atribuyen a una fase de hidróxido silicato de níquel.  
101
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y  d)  permite  apreciar  diferencias  de  comportamiento  tras  los  diferentes  tratamientos  de 

















Ni2p  la  presencia  de  una  única  fase  de  níquel metálico,  a  pesar  de  que  solo  una  pequeña 
fracción  de  níquel  es  reducida  a  esta  temperatura.  Esto  significa  que  aquellas  especies 
reducibles a menor temperatura son las únicas localizadas en la superficie externa del soporte. 
Por el contrario, el pico a 680 °C observado en ambos perfiles de TPR corresponde al proceso 





En  resumen,  la  combinación  de  estas  técnicas,  XAS  y  XPS,  junto  a  la  información 
obtenida a partir del perfil de TPR nos ha permitido conocer  la  localización en el soporte de 
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La Figura 4.12 muestra el  comportamiento de  los diferentes  sistemas  catalíticos en  la 
reacción de reformado seco de metano (DRM). Como puede observarse, el sistema Ni/SBA‐15 
DP es el que presenta mejores prestaciones catalíticas, obteniéndose valores de conversión de 
metano  del  60%,  que  se mantienen  constantes  durante  las  40 horas  en  las  condiciones  de 
reacción,  las cuales se describen en el Capítulo 2  (apartado 2.3.1). Además, su selectividad a 









desactivación,  obteniéndose  valores  de  conversión  cercanos  al  20%  tras  40  horas  en 
condiciones de  reacción. En  cualquier  caso, el comportamiento de ambos  sistemas  sigue un 
patrón  típico  de  desactivación  en  la  reacción  de  DRM  para  sistemas  de  níquel  en  las 
condiciones  de  reacción  utilizadas.  La  relación  H2/CO  presenta  valores  muy  bajos, 
especialmente en el caso del catalizador Ni/SiO2 ImU (0,3), lo cual indica una alta actividad de 
la reacción de reverse water gas shift (H2 + CO2  CO + H2O), incrementando la producción de 
CO en detrimento de  la de H2, que  alcanza  valores de  selectividad  cercanos  al 30%  tras 40 
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sistemas  tras 40 horas en condiciones de  reacción. En  los sistemas soportados en SBA‐15 se 


























DP y de más de 2 nm en  los  sistemas preparados por el método  ImU. De estos  resultados, 
resulta especialmente relevante la elevada estabilidad en el tamaño de las partículas de níquel 
del sistema Ni/SBA‐15 DP, lo que podría atribuirse al efecto de confinamiento que ejercen los 
canales mesoporosos sobre  la  fase metálica,  lo que podría a su vez estar  relacionado con  la 
105
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El  estudio mediante  termogravimetría ha permitido  igualmente detectar  en  todos  los 
sistemas, salvo en el Ni/SiO2  ImU,  la formación de depósitos de carbón tras 40 horas de test 
(Figura  4.15).  En  comparación  con  el  catalizador  Ni/SBA‐15  DP,  el  sistema  Ni/SBA‐15  ImU 
produce  cantidades  de  coque  de  un  orden  de magnitud mayor  (vid.  Tabla  en  Figura  4.15), 
correspondiendo además a un  tipo de  carbón más estructurado,  (generalmente más nocivo 
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soportes mesoporosos  diferentes,  SBA‐15  y  SiO2,  este  último  un material  de  sílice  de  alta 
superficie y mesoporosidad abierta, mediante  los métodos de  impregnación hasta humedad 
incipiente y de deposición‐precipitación usando urea como agente precipitante. A partir de los 
resultados de  caracterización,  se puede  concluir que  la  formación de una  fase de hidróxido 
silicato  de  níquel  en  el  interior  de  los  canales  mesoporosos  de  la  SBA‐15  precede  a  la 
formación de partículas de níquel altamente dispersas y en fuerte  interacción con el soporte 









Por último,  es digno de mencionar  el  comportamiento del  sistema Ni/SiO2  ImU,  cuya 
actividad  catalítica  es  la  más  baja  tanto  en  conversión  como  en  selectividad. 
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En  el  capítulo  anterior  se  han  estudiado  de  forma  detallada  los  sistemas  catalíticos 
Ni/SBA‐15 DP, Ni/SBA‐15  ImU, Ni/SiO2 DP y Ni/SiO2  ImU. De entre  todos ellos, el catalizador 
Ni/SBA‐15 DP fue el que mostró una mejor actividad catalítica así como una gran estabilidad, 
concluyéndose  que  el método  de  preparación  facilitaba  el  confinamiento  de  las  partículas 
metálicas de níquel en los canales de la SBA‐15, lo cual ejerce un papel muy importante en la 
obtención  de  partículas  de  tamaño  reducido,  que  permanecen  estables  en  condiciones  de 
reacción  del  reformado  seco  de metano  (DRM),  acompañado  además  de  una  baja  tasa  de 
formación de coque.  
El cobalto, que posee propiedades químicas similares a las del níquel, es junto con este 
uno  de  los metales más  estudiados  para  la  reacción  de  reformado  de metano.  En  un  gran 
número de publicaciones  se estudia su actividad catalítica  tanto en sistemas monometálicos 
como  en  catalizadores  bimetálicos.1,2,3,4  En  función  del  soporte  así  como  del  método  de 
preparación, se ha observado cómo la formación de fases bimetálicas tiene un efecto, según el 
caso,  positivo  o  negativo  en  las  prestaciones  catalíticas  comparado  a  los  sistemas 
monometálicos.  Entre  los  factores que  explican  este  comportamiento  “contradictorio”  cabe 
destacar la importancia de la interacción entre la partícula bimetálica y el soporte, que afecta 
entre otras a  la estabilidad del catalizador.5,6,7 Teniendo en cuenta esto, el uso de un soporte 
de  SBA‐15,  como  vimos en el  capítulo anterior, podría  favorecer  la estabilización de  la  fase 
metálica evitando su segregación y/o aglomeración en el curso de la reacción catalítica. 
En  este  capítulo  se  describen  los  resultados  de  caracterización  físico‐química  y  de 
actividad en la reacción de reformado seco de metano de tres sistemas catalíticos basados en 
níquel y/o cobalto soportado en sílice mesoporosa SBA‐15, y preparados a partir del método 
de deposición‐precipitación  con urea  (DP).  En  función de  la proporción de  cada uno de  los 
metales,  con una  carga metálica  total del 10%,  los  sistemas  catalíticos  fueron denominados 
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Los  tres  sistemas  catalíticos,  con  un  contenido metálico  de  10%  de  níquel,  10%  de 
cobalto y 5‐5% de níquel‐cobalto, fueron caracterizados utilizando las técnicas de fisisorción de 
N2  (BET,  BJH),  XRD,  TEM,  TPR,  XAS  y  XPS.  Todas  las muestras  presentan  una  isoterma  de 
adsorción‐desorción de tipo IV, propia de materiales mesoporosos. Sin embargo, si se compara 
el  valor  de  superficie  específica  (BET)  del  soporte  con  el  de  los  catalizadores  (Tabla  5.1), 
podemos  observar  una  disminución  drástica  (cercana  al  65%)  como  consecuencia  del 
tratamiento básico durante el proceso de deposición‐precipitación. Asimismo, el aumento en 

















SBA‐15  698 6,7 ‐ ‐ 
SBA‐15 tratado con urea  249  9,1  ‐  ‐ 
Ni/SBA‐15 [Calc/Red/DRM]  283/242/‐  10,7/10,1/‐  5,7/3,7/‐  ‐/4,4/4,6 
Ni0.5Co0.5/SBA‐15  [Calc/Red/DRM]  261/232/‐ 12,0/11,1/‐ 7,0/4,5/‐ ‐/5,9/7,7 
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37  y  61°  (JCPDS  049‐1859/021‐0871).  La  posición  del  segundo  difiere  según  la  fase  sea  de 








hidróxido  silicato en  las  tres muestras calcinadas. Tanto el espectro XANES como  la pseudo‐
función de distribución radial, calculada a partir de  las oscilaciones del espectro en  la región 
EXAFS  (Figura 5.3), difieren claramente de  los de una  fase de óxido, asemejándose a  los que 
otros autores asocian a una fase de silicato.11,12,8 Una de las características de los espectros de 
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En  la  Figura  5.4  se  incluyen  los  diagramas  de  difracción  de  rayos‐X  de  los  sistemas 
reducidos en hidrógeno a 750  °C,  los  cuales muestran picos  intensos en  torno a 44,5  y 52° 
asociados a las fases de cobalto y níquel metálicos. La posición e intensidad del pico en torno a 
44,5°,  correspondiente  a  la  de  la  reflexión  (111)  tanto  de  Ni0  como  de  Co0,  aparece  en 
posiciones ligeramente diferentes en los tres sistemas. En concreto, el valor es de 44,3 ° en la 
muestra  Co/SBA‐15,  de  44,6°  en  la  Ni/SBA‐15,  y  de  44,5°  en  la  Ni0.5Co0.5/SBA‐15,  valor 









(vid.  Capítulo  3,  apartado  3.3),  cuyo máximo  aparece  a mayor  temperatura  a medida  que 
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partículas  son  similares  aunque  algo mayores  (5,7  nm)  y  con  una  distribución  de  tamaños 
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llevado  a  cabo  un  estudio  de  XPS  in  situ  de  los  tres  sistemas  catalíticos  en  condiciones  de 
reducción  a  las  temperaturas  de  350,  500  y  750  °C  (Figura  5.7).  Mientras  que  tras  el 
tratamiento a 350 °C no se observan cambios importantes en ninguno de los catalizadores, el 
tratamiento en hidrógeno a 750 °C da lugar a espectros característicos de metales (Ni y/o Co) 
completamente  reducidos.  Sin  embargo,  el  tratamiento  a  500  °C  produce  diferentes 
modificaciones en cada uno de estos sistemas catalíticos. Así,  tanto en el sistema Ni/SBA‐15 
como en el sistema Ni0.5Co0.5/SBA‐15 se observa en  la región del Ni2p una única componente 
de níquel  en  estado metálico,  lo que parece  estar  en  contradicción  con  los perfiles de  TPR 
incluidos en  la Figura 5.5, en  los que a  tal  temperatura  solo  se observa  la  reducción de una 
pequeña proporción de la fase metálica. Como ya se explicó en los capítulos anteriores, esto se 
debe a que la técnica de XPS solo es sensible a las fases superficiales y, por tanto, no detecta 
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la  reacción  de  reformado  seco  de metano  (DRM).  Se  pueden  observar  grandes  diferencias 
entre estos, ya que mientras el sistema Ni/SBA‐15 presenta una conversión de metano cercana 
al 60%, que permanece estable durante 40 horas, el sistema Co/SBA‐15 no muestra actividad 
alguna desde  el  inicio de  la  reacción. Por  el  contrario,  el  sistema metálico Ni0.5Co0.5/SBA‐15 
muestra un comportamiento mixto, con una actividad inicial próxima al 30% (la mitad que para 
el  sistema Ni/SBA‐15),  coherente  con  su  contenido  en  níquel  (también  la mitad  que  en  el 
sistema Ni/SBA‐15) y el tamaño de partícula inicial (Figura 5.6), mientras que tras 270 minutos 

















resultados obtenidos por  TEM.  La  Figura  5.9 muestra  las  imágenes  TEM obtenidas para  los 
sistemas catalíticos tras  la reacción. El análisis de  los histogramas de distribución de tamaños 
de  partícula  muestra  cómo  los  catalizadores  monometálicos  mantienen  aproximadamente 
constante  tanto el valor de  tamaño promedio como  la distribución de  tamaños de partícula 
con  respecto  a  los  sistemas  reducidos  (vid.  Tabla  5.1).  Por  el  contrario,  en  el  sistema 
Ni0.5Co0.5/SBA‐15 se observa un aumento del valor de tamaño de partícula promedio desde 6 a 
8  nm.  Este  comportamiento  está  en  consonancia  con  los  datos  catalíticos,  en  los  que  se 
observa  una  actividad  constante  en  ambos  sistemas monometálicos  (nula  en  el  caso  de  la 
muestra Co/SBA‐15)  y una  importante disminución  con  el  tiempo  en  el  sistema bimetálico, 
120
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el aumento en el  tamaño de partícula  tras  reacción del  sistema Ni0.5Co0.5/SBA‐15  frente a  la 
invariabilidad  en  el  caso del  sistema Ni/SBA‐15,  se puede deducir que  la  interacción  con  el 
soporte es menor en el primero. Este comportamiento puede explicarse asumiendo que, en 
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sistemas  NixCo1‐x/SBA‐15  preparados mediante  el método  de  deposición‐precipitación  (vid. 
Capítulo 2, apartado 2.1.3). Se ha establecido una relación entre la alta actividad y estabilidad 
catalítica  del  sistema  monometálico  de  níquel  con  el  relativamente  pequeño  tamaño  de 
partícula (4‐6 nm tras reducción), el cual se mantiene invariable tras 40 horas en condiciones 
de  reacción. Esta estabilidad  se asocia a una  fuerte  interacción del níquel con el  soporte de 
SBA‐15. Por otra parte, el proceso de reducción en el sistema Co/SBA‐15 genera partículas de 
mayor tamaño, localizadas principalmente en la superficie externa del soporte, inactivas en la 
reacción  de  DRM.  Análogamente,  la  formación  de  partículas metálicas  de  tamaño  elevado 
indica  la existencia de una  interacción relativamente débil de  las partículas de cobalto con el 
soporte  de  SBA‐15.  Por  su  parte,  el  sistema  bimetálico  presenta  una  actividad  inicial 
equiparable a la del sistema Ni/SBA‐15, la cual disminuye de forma drástica tras unas horas en 








que hace disminuir  la  interacción entre  la fase metálica y el soporte, favoreciendo el proceso 
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3  Takanabe,  K.,  K.  Nagaoka,  et  al.,  Titania‐Supported  Cobalt  and  Nickel  Bimetallic  Catalysts  for  Carbon  Dioxide 
Reforming of Methane. Journal of Catalysis, 2005, 232: 268‐275. 
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agotamiento  de  las  reservas  fósiles  como  a  la  problemática  medioambiental  que  estos 
generan. Desde el punto de vista de los materiales catalíticos utilizados para la producción de 
hidrógeno,  los  sistemas  con  una  mayor  eficiencia  en  el  reformado  de  hidrocarburos  son 
aquellos basados en metales nobles. Sin embargo, aunque menos eficiente,  la mejor opción 
por motivos económicos son los sistemas basados en níquel y/o cobalto.  
En  los  Capítulos  3‐5  hemos  descrito  las  propiedades  físico‐químicas  de  diferentes 
sistemas  de  níquel  y  cobalto,  así  como  su  comportamiento  catalítico  en  la  reacción  de 













que  afecta  esta  es  diferente  según  el  caso.  Sin  embargo,  no  existe  un  gran  número  de 
publicaciones de caracterización in situ en las condiciones del SRE, necesaria para concretar el 
estado físico‐químico del catalizador durante la reacción, que no siempre coincide con  lo que 
se observa  tras  reacción. Así,  el  sitio  catalítico para  la  formación  de  acetaldehído, principal 
intermedio de reacción, sigue siendo un tema controvertido.4,6 
Con el fin de determinar el papel del estado químico del cobalto en la reacción de SRE, 
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bastante alta  su producción, con  selectividades que abarcan hasta el 50%.6,7 Como ya  se ha 
indicado  anteriormente,  el  comportamiento  catalítico  del  cobalto  depende  de  diversos 
factores, siendo el soporte uno de los más importante, pues afecta a la estabilidad del estado 
de  oxidación  de  la  fase  metálica  en  condiciones  de  reacción.  La  formación  neta  de 
acetaldehído  supone necesariamente un detrimento en  la  reacción de  reformado,  lo que  se 
puede evaluar a  través de  la  relación  [CO2]/[Acetaldehído] entre  los productos de  reacción, 
siendo de 0,89 en el caso del sistema Co/SBA‐15 y de 1,65 en el sistema Co/SiO2, lo que indica 
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una  fase de  filosilicato, Co3Si2O5(OH)4  y/o Co3Si4O10(OH)2,8  caracterizada por  la presencia de 

























presentan  importantes  similitudes  con  los  representados  por  otros  autores,  que  asocian  a 
fases de silicato, y diferenciándose claramente de las características de un óxido de cobalto.9,10 
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6.1) muestran,  en  ambos  sistemas  catalíticos,  la  completa  reducción  de  la  fase  de  cobalto. 
Además, tanto el espectro XANES como la pseudo‐función de distribución radial (Figura 6.2) en 
el  sistema  Co/SBA‐15††  corresponden  a  cobalto metálico. A  través  del  ajuste  de  la  pseudo‐
función  de  distribución  radial,  usando  como  referencia  una  lámina  comercial  de  cobalto 
metálico,  se  estima un número de  coordinación de 11,  coherente  con  el  tamaño medio de 




††No hay datos por XAS para el  sistema Co/SiO2 debido a  las  limitaciones de  tiempo disponible en el 
sincrotrón. 
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cómo  en  el  diagrama  de  rayos‐X  del  sistema  Co/SBA‐15  sometido  a  las  condiciones  de  la 
reacción  de  SRE  aparecen  dos  nuevos  picos  (no  apreciables  en  el  sistema  Co/SiO2)  con 
respecto  al  diagrama  de  la  fase  reducida,  uno  ancho  a  25°,  propio  del  grafito,  y  otro más 
pequeño a 42°, asociable a una fase de carburo de cobalto,11,12 lo que indicaría que el cobalto 
ha  sufrido  cambios  durante  el  proceso  catalítico.  La  formación  de  una  fase  de  carburo  de 
cobalto  ha  sido  previamente  detectada  por  otros  autores  en  un  catalizador  de  Co/TiO2 




sorprendentemente,  una  disminución  del  tamaño medio  de  partícula,  especialmente  en  el 
sistema  Co/SBA‐15.  Todos  estos  resultados  analizados  de  forma  conjunta  indican  que  las 





















Desarrollo de sistemas catalíticos mesoporosos nanoestructurados para la 




Con  el  fin  de  aclarar  las  características  de  las  partículas  metálicas  de  cobalto  en 
condiciones de reacción, se ha llevado a cabo un estudio por XPS in situ durante los procesos 
de reducción y de SRE. Así,  tras el  tratamiento en hidrógeno a 750 °C se observa, en ambos 
sistemas catalíticos  (Figura 6.4),  la  formación de una  fase de cobalto metálico, caracterizada 
por la señal de Co2p3/2 centrada a 778,0 eV. Por el contrario, tras el tratamiento a 500 °C en las 
condiciones del SRE  se observa un desplazamiento a menor energía de enlace, así como un 
ensanchamiento del pico,  lo  cual parece  indicar una  transformación del estado químico del 
cobalto hacia uno más reducido. Para descartar que el desplazamiento en  la señal se deba a 
efectos de  carga en el material,  teniendo en  cuenta que  la  sílice es un material aislante,  se 
llevó a  cabo  la  calibración de  los espectros a partir  tanto de  la  señal de Si2p  como de O1s. 
Adicionalmente,  a  modo  de  comparación,  se  realizaron  experimentos  análogos  con  el 










observaron  otros  autores,14  lo  cual  está  en  consonancia  con  lo  observado  previamente 
mediante XRD (Figura 6.1). Además, estos autores detectaron la aparición de un nuevo pico en 
la señal de C1s a más baja energía de enlace con respecto al grafito,  la cual asignaron a una 
fase  de  carburo.14,15  En  nuestro  caso  también  se  observó  la  aparición  de  una  nueva 





por partícula,16 de  las cuales solo un 10% se encontrarían en  la superficie de  la misma y, por 
tanto,  serían  detectables  por  XPS.  Considerando,  de  acuerdo  con  los  resultados  de  XPS 
expuestos previamente, que solo el 30% de estos átomos superficiales están formando la fase 
de  carburo de  cobalto, esto  supone que únicamente el 3% del número  total de  átomos de 
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a partir de cobalto metálico en  las condiciones de  la reacción de SRE, en  las que además del 
etanol y agua sin reaccionar, el sistema catalítico se encuentra  en presencia de una atmósfera 
rica en CO e H2.  Sin embargo,  la  fase de  carburo de  cobalto es metaestable, por  lo que  su 
descomposición  a  carbono  y  cobalto  está  favorecida  termodinámicamente.17  Esto  puede  
explicar  en nuestro caso el que no se forme una fase de carburo másico, quedando restringido 
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estudios  por  DFT,  la  fase  de  carburo  tiene  un  fuerte  carácter  metálico.17  Sin  embargo, 
diferentes planos  cristalinos de bajo  índice de Miller pueden  estar expuestos en el  caso de 
partículas de pequeño tamaño,  lo cual modificaría el carácter del enlace Co‐C. Ese podría ser 
nuestro  caso,  lo  que  puede  explicar  la  diferencia  con  otros  autores,  que  asignan  un  valor 
equivalente en energía de enlace al carburo de cobalto y al cobalto metálico.15,18 Con el fin de 
confirmar  la viabilidad de  la fase de carburo de cobalto en estas condiciones, se ha  llevado a 




de  ‐0,6 eV en el máximo de  la  señal de Co2p  tras este  tratamiento. También  se observa el 
desplazamiento a menor energía de enlace en  la  señal de C1s.14,15 Ahora bien,  teniendo en 
cuenta que en nuestro caso atribuimos la formación del carburo a la atmósfera rica en CO e H2 
generada por  la  reacción de SRE, en  la Figura 6.5 se  incluye  igualmente el  resultado de otro 
experimento, usando una mezcla CO:H2:He (5:5:90%) a una temperatura de 500 °C. De nuevo 


















Identificación de carburo de cobalto como sitio activo en la reacción 







el  sistema  Co/SBA‐15  y  de  18:82  en  el  Co/SiO2.  Teniendo  en  cuenta  la  selectividad  de 
productos en el test catalítico (Tabla 6.1) para cada uno de los sistemas estudiados, podemos 
concluir que  la producción de CO y CO2, productos de  la reacción de SRE, está favorecida en 
sitios  catalíticos  de  cobalto  metálico,  proporcionalmente  más  abundantes  en  el  sistema 
Co/SiO2.  De  igual  forma,  la  mayor  selectividad  a  acetaldehído  obtenida  en  el  catalizador 
Co/SBA‐15 correlaciona con su mayor contenido en carburo de cobalto, por lo que atribuimos 
a  esta  fase  CoCx  el  sitio  catalítico  preferente  para  la  deshidrogenación  de  etanol  a 
acetaldehído.  Esta  interpretación  tiene  aún más  sentido  teniendo  en  cuenta  la  ya  conocida 
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2 Ruckenstein,  E.  y H.  Y. Wang, Carbon Deposition and Catalytic Deactivation  during CO2 Reforming  of CH4  over 
Co/Gamma‐Al2O3 Catalysts. Journal of Catalysis, 2002, 205(2): 289‐293. 
3  Bayram,  B.,  I.  I.  Soykal,  et  al.,  Ethanol  Steam  Reforming  over  Co‐Based  Catalysts:  Investigation  of  Cobalt 
Coordination Environment under Reaction Conditions. Journal of Catalysis, 2011, 284(1): 77‐89. 




6  Llorca,  J., P. R. de  la Piscina,  J. A., et al., Transformation of Co3O4 during Ethanol  Steam Reforming. Activation 
Process for Hydrogen Production. Chemistry of Materials, 2004, 16(18): 3573‐3578. 
7  Vizcaino,  A.  J.,  A.  Carrero  y  J.  A.  Calles,  Comparison  of  Ethanol  Steam  Reforming  Using  Co  and  Ni  Catalysts 
Supported on SBA‐15 Modified by Ca and Mg. Fuel Processing Technology, 2016, 146: 99‐109. 























19 Oyama,  S.  T.,  Preparation  and  Catalytic  Properties  of  Transition‐Metal  Carbides  and Nitrides.  Catalysis  Today, 
1992, 15(2): 179‐200. 
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En  las  últimas  décadas,  los  sistemas  de  níquel  y  cobalto  han  recibido mucho  interés 
debido  a  su  altas  prestaciones  en  diversos  procesos  catalíticos,  especialmente  en  aquellos 
relacionados  con  la  obtención  de  combustibles  o  la  producción  de  hidrógeno.1,2  De  estos 
procesos, el más competitivo actualmente en la producción de hidrógeno es el reformado de 
metano con vapor de agua  (SRM). Sin embargo, el uso de un  recurso  fósil como el metano, 
tiene  un  impacto  muy  importante  en  el  cambio  climático,  a  lo  que  se  une  su  limitada 
disponibilidad.  Una  alternativa  al  metano  es  el  etanol,  cuya  disponibilidad,  facilidad  de 
transporte y seguridad en el almacenaje  lo hacen muy atractivo. A esto hay que  sumarle  su 
carácter  de  fuente  renovable  cuando  es  obtenido  a  partir  de  biomasa  (bio‐etanol), 
preferentemente de  lignocelulosa. Por otro  lado, el  reformado de etanol con vapor de agua 
[ec. 1.11] genera hidrógeno libre de CO, por lo que su aplicación en las PEMFC (vid. Capítulo 1, 
apartado 1.1.1) podría ser directa.  




proporciona muy buenos  resultados  tanto en  conversión  como en  selectividad a hidrógeno, 
limitando  además  la  formación  de  depósitos  carbonosos,  una  de  las  principales  causas  de 
desactivación del catalizador. Sin embargo, su elevado coste y baja disponibilidad favorece el 
uso  de  sistemas  alternativos,  entre  los  que  destacan  el  níquel  y  el  cobalto,  con  unas 
prestaciones bastante elevadas, aunque menoscabadas en muchos casos por  la formación de 
coque.4,7,8  Entre  las  estrategias  para  suprimir  la  formación  de  coque  se  encuentran  la 
introducción  de oxidantes  en  el  flujo de  alimentación  al  reactor,  el  aumento  en  la  relación 
H2O:EtOH, o el uso de diferentes tipos de soportes.3,9 También es recurrente el uso de sistemas 




Como  vimos  en  el  capítulo  anterior,  conocer  el  estado  físico‐químico  del  catalizador 
durante el proceso catalítico es crucial para poder entender su comportamiento en el mismo. 
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Cada  uno  de  los  sistemas  ha  sido  caracterizado  por  las  técnicas  de  fisisorción  de N2 
(BET,BJH),  TEM,  XRD,  TPR  y  XPS.  De  forma  particular,  los  sistemas monometálicos  fueron 
estudiados  también  por  XAS,  excluyendo  al  resto  debido  a  las  limitaciones  de  beamtime 
disponible en los sincrotrones. De manera resumida, la Tabla 7.1 muestra diversos parámetros 







a  35  y  61°  (Figura  7.1  izda.),  que  puede  visualizarse  por microscopía  como  una  serie  de 
estructuras  fibrosas  dispersas  por  todo  el  soporte  de  sílice mesoporosa,  como muestra  la 
Figura 7.2. Además, se puede observar la formación de una fase bimetálica en los sistemas Ni‐
Co con un único pico de difracción en torno a 61°, cuyo valor exacto varía alrededor de 0,5° 
























SBA‐15 738 6,7 ‐ ‐ ‐ 
SBA‐15 tratado con 
urea 
249 9,1 ‐ ‐ ‐ 
10Ni/SBA‐15 283 10,3 11,3/0,0 5,4/4,1 4,3/4,2 
8Ni‐2Co/SBA‐15 272 11,1 7,8/2,6 7,6/4,1 4,4/4,0 
5Ni‐5Co/SBA‐15 261 12,0 4,2/3,1 7,0/4,5 5,9/8,6 
2Ni‐8Co/SBA‐15 269 10,3 1,9/7,1 6,5/8,2 8,6/7,0 
10Co/SBA‐15  280 9,8 0,0/7,1 5,1/13,2 14,4/9,6 
Tabla 7.1  Área superficial específica y tamaño medio de poro obtenido a partir de las isotermas de adsorción de N2, 
relación atómica Ni/Co calculada por XPS,  tamaño promedio de cristalito calculado por  la ecuación de Scherrer y 
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En  cuanto  al  perfil  de  reducción  a  temperatura  programada  (Figura  7.3),  el  sistema 
10Ni/SBA‐15 presenta un pico muy ancho centrado a 680 °C, propio del proceso de reducción 























7.1  dcha.)  queda  evidenciado  por  la  aparición  de  picos  de  difracción  a  44,5  y  52°, 
característicos  de  níquel  y/o  cobalto  metálico,  desapareciendo  totalmente  los  picos 
correspondientes al hidróxido silicato. De la misma manera que en los sistemas calcinados, se 
observa un desplazamiento a mayor valor de 2θ, bastante evidente en el pico en torno a 52°, a 
medida  que  aumenta  el  contenido  en  níquel  del  catalizador,  lo  que  de  nuevo  sugiere  la 
formación  de  fases  bimetálicas.  La  Figura  7.4 muestra  las  imágenes  TEM  de  los  diferentes 
sistemas reducidos, en las que se puede observar una tendencia de aumento progresivo en el 
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Con  el  fin  de  apreciar más  claramente  las  diferencias  de  dispersión  de  los  distintos 
sistemas en función del diferente contenido en níquel y cobalto, en la Figura 8.6 (dcha.) se han 
incluido  los  espectros  normalizados  en  intensidad  con  respecto  a  la  carga  nominal  de  fase 
metálica. Se puede apreciar cómo mientras en  la señal de Ni2p no se produce una variación 
significativa  en  intensidad,  la  señal  de  Co2p  sigue  una  tendencia  clara  de  aumento  en 
intensidad conforme aumenta el contenido en níquel,  lo que puede  interpretarse como una 




en  porcentaje  atómico  normalizado  a  la  carga  nominal,  el  sistema  calcinado  con  mayor 
contenido en níquel dentro de los bimetálicos, 8Ni‐2Co/SBA‐15, es el que mayor dispersión en 
cobalto  presenta,  siendo  aproximadamente  el  doble  del  que  presenta  el  sistema 
monometálico.  Por  otro  lado,  se  observa  en  general  cómo  lo  datos  concuerdan  con  los  de 
distribución de tamaño de partícula observados por TEM tras el tratamiento de reducción en 
hidrógeno  (Figura  7.5),  lo  que  indicaría  que  la  dispersión  de  la  fase  de  hidróxido  silicato 
determina el tamaño de las partículas metálicas tras este proceso. Paralelamente, es también 
interesante  observar  cómo  tras  el  tratamiento  de  reducción  (Figura  7.7)  se  produce  una 
disminución  progresiva,  aunque  ligera,  en  la  dispersión  del  níquel  conforme  aumenta  el 
contenido  en  cobalto, mientras que  en  cobalto  se produce un  aumento  importante  con un 
mayor contenido en níquel, efecto especialmente  importante en el sistema 8Ni‐2Co/SBA‐15, 
145
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con  un  valor  tres  veces  superior  respecto  al  sistema  monometálico  (0,31  frente  a  0,09, 
respectivamente).  Estos  resultados  ponen  de  nuevo  de  manifiesto  la  importancia  de  la 




%at Ni (%at/N%nom)*  %at Co (%at/N%nom)* %at Ni (%at/N%nom)* %at Co (%at/N%nom)*
10Ni/SBA‐15  10,89 (1,09)  ‐ 2,5 (0,25) ‐ 
8Ni‐2Co/SBA‐15  7,88 (0,99)  2,18 (1,09) 2,2 (0,28) 0,61 (0,31) 
5Ni‐5Co/SBA‐15  4,17 (0,83)  3,80 (0,76) 0,73 (0,15) 0,75 (0,15) 
2Ni‐8Co/SBA‐15  1,83 (0,91)  7,14 (0,89)  0,33 (0,17)  0,59 (0,07) 
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H2  CO2  H2/CO2  CO  CH4  CH3CHO 
10Ni/SBA‐15  69,3  59,4  59,5  1,00  19,6  13,8  3,8 
8Ni‐2Co/SBA‐15  85,6  62,4  60,3  1,03  18,3  21,0  0,1 
5Ni‐5Co/SBA‐15  68,0  62,2  60,9  1,02  19,1  14,0  4,4 
2Ni‐8Co/SBA‐15  59,3  70,1  62,6  1,12  14,2  14,9  8,5 










en  los  sistemas 10Ni/SBA‐15 y 5Ni‐5Co/SBA‐15), además de  la  supresión en  la  formación de 
acetaldehído. Como discutimos previamente, este catalizador presenta la mayor dispersión de 
cobalto,  lo que podría  favorecer  la  formación de clústeres bimetálicos de Ni4Co1, acorde a  la 
relación nominal de ambos metales en el catalizador (Ni/Co=4). Por último,  los sistemas 2Ni‐
8Co/SBA‐15 y Co/SBA‐15 presentan un comportamiento diferente, con una disminución en la 
selectividad  a  los  productos  del  reformado  reflejada  en  la  relación H2/CO2  (de  1,12  y  1,42, 
respectivamente), relacionada directamente con un aumento en la formación de acetaldehído, 
con selectividades que alcanzarían valores del 8,5 y 43,5%, respectivamente, proveniente de la 
reacción  de  deshidrogenación  de  etanol  (C2H5OH  →    C2H4O  +  H2).  Este  comportamiento 
particular,  especialmente  en  el  sistema Co/SBA‐15, ha  sido descrito  también por diferentes 
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sistemas  con  mayor  contenido  en  níquel,  10Ni/SBA‐15  y  8Ni‐2Co/SBA‐15,  mantienen  una 
distribución muy  similar  a  la  del  sistema  reducido  previo  al  test  catalítico.  En  cambio,  los 




nm  tras  reacción,  en  el  sistema  2Ni‐8Co/SBA‐15  disminuye  desde  8,6  a  7,0  nm.  Esta 
redispersión  de  la  fase  metálica  podría  estar  relacionada  con  la  rotura  de  las  partículas 
metálicas  producida  por  la  formación  de  carburo  de  cobalto,  como  vimos  en  el  capítulo 
anterior, ya que se trata de una fase metaestable en las condiciones de reacción, por lo que los 
procesos  simultáneos de  formación  y descomposición podrían dar  lugar  a  la  fractura de  las 
partículas metálicas  y  la posterior  redispersión  en  la  superficie  del  soporte.  Este  fenómeno 
parece  además  estar  relacionado  con  la mayor  selectividad  a  acetaldehído  encontrada  en 
estos dos sistemas, 10Co/SBA‐15 y 2Ni‐8Co/SBA‐15. De esta manera, un estudio por XPS in situ 
148
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cambios  significativos  con  respecto  a  los  sistemas  reducidos,  en  particular  en  los  sistemas 
10Co/SBA‐15 y 2Ni‐8Co/SBA‐15, con un claro desplazamiento del máximo hacia menor energía 





en el 2Ni‐8Co/SBA‐15,  lo que parece podría estar vinculado a  la diferencia en  selectividad a 
acetaldehído  (Tabla  7.3).  Sin  embargo,  las  diferencias  en  selectividad  (43,5  y  8,5%)  y  en  la 
relación  CoCx:Co0  no  son  directamente  proporcionales.  Esto  se  puede  explicar  teniendo  en 
cuenta  el  comportamiento  del  sistema  5Ni‐5Co/SBA‐15,  donde  igualmente  se  detecta  la 
presencia de un 10% de fase de carburo de cobalto, que sin embargo presenta una selectividad 
149
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Llegados  a  este  punto,  sería  interesante  caracterizar  el  estado  de  la  fase  de  carburo 

































Desarrollo de sistemas catalíticos mesoporosos nanoestructurados para la 
producción de hidrógeno y la síntesis directa de agua oxigenada
 
 
a 520  °C) podría  atribuirse en primera  instancia  a  la  reducción de  la  fase metálica, oxidada 
previamente  durante  la  reacción  de  SRE  (paso  2º).  Sin  embargo,  esta  posibilidad  se  puede 
descartar  considerando  los  resultados  obtenidos  mediante  XAS  de  los  catalizadores 
monometálicos  sometidos  a  las  condiciones  del  SRE  (Figura  7.11),  que muestran  cómo  el 







Una posibilidad  alternativa  sería que  este  consumo de hidrógeno  correspondiera  a  la 
reducción del coque depositado sobre  los catalizadores durante  la reacción de SRE,  lo que se 
confirma mediante el análisis por espectrometría de masas de los gases producto en el curso 
del TPR 2 (Figura 7.12), en los que se han registrado, entre otras, las señales del metano (m/e‐
=15)  y  de  hidrógeno  (m/e‐=2).  Como  puede  observarse,  en  los  tres  sistemas  con  mayor 
contenido en níquel aparece un máximo en el consumo de hidrógeno coincidente con el de 
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en  el  proceso  de  reducción  de  carbono,  en  un  segundo  proceso  que  consuma  una menor 
cantidad  de  hidrógeno  en  su  evolución  a metano.  Este  efecto  se  puede  observar  de  una 
manera mucho más  clara en el  sistema 10Co/SBA‐15,  lo que de nuevo parece  correlacionar 
con  la  formación de  la  fase de  carburo en ambos  sistemas,  la  cual es  termodinámicamente 
inestable.19 Por tanto, el proceso que proponemos es la descomposición de la fase de carburo 
de cobalto en presencia de hidrógeno (CoCx + H2 → Co0 + CH4), fase que de acuerdo con estos 













tratamientos  de  hidrogenación  a  400  y  550  °C.  Sin  embargo,  a  600  °C  se  observa  un 
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En  este  trabajo  se  ha  llevado  a  cabo  un  estudio  de  cinco  sistemas  Ni‐Co/SBA‐15  en 
condiciones de reacción de la SRE a 500 °C. La presencia de níquel en el catalizador favorece la 
dispersión de  la  fase metálica  tanto en  los  sistemas  calcinados  como  tras el  tratamiento de 
reducción en hidrógeno a 750 °C, generando partículas de menor tamaño y una distribución de 
tamaños más estrecha. Por el contrario, los sistemas con mayor contenido en cobalto son los 
que  poseen  partículas metálicas  de mayor  tamaño.  En  estas,  sin  embargo,  se  produce  una 
disminución  significativa en el  tamaño de partícula  tras  someterlos a  las condiciones de SRE 
durante 12 horas, especialmente importante en el sistema monometálico 10Co/SBA‐15, que va 
acompañado de una mayor selectividad a acetaldehído. Ambos fenómenos tienen su origen en 
la  formación  de  una  fase  de  carburo  de  cobalto  superficial,  fase  termodinámicamente 
metaestable,  por  lo  que  su  formación  y  descomposición  es  un  proceso  dinámico  en  las 
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20 Oyama,  S.  T.,  Preparation  and  Catalytic  Properties  of  Transition‐Metal  Carbides  and Nitrides.  Catalysis  Today, 
1992, 15(2): 179‐200. 
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proceso  eficiente desde  el punto de  vista  sintético, pues  genera un producto que  contiene 
cada  uno  de  los  átomos  de  los  reactivos  sin  la  formación,  por  tanto,  de  subproductos.  Sin 
embargo, en la práctica todos los catalizadores conocidos para esta reacción son activos en las 
principales  reacciones  secundarias  que 
menoscaban la selectividad del proceso, como 
son  la hidrogenación  y  la descomposición de 
peróxido  de  hidrógeno  para  formar  agua 
(Esquema 8.1), ambas irreversibles. 
En  la  actualidad,  los  catalizadores 
basados  en  paladio  son  los  que  presentan 








haluros  favorece  también  la  selectividad  de  la  DSHP,  desacoplándola  de  las  reacciones 
secundarias,8,9,10,11  debido  a  la  inhibición  de  los  sitios  catalíticos  más  energéticos, 
generalmente  formados  por  átomos  superficiales  de  baja  coordinación  en  la  partícula 
metálica, donde la adsorción de O2 está favorecida.12 Sin embargo, la utilización de este tipo de 
promotores puede generar problemas como la corrosión del reactor, generalmente de acero, 








funcionalizada en  superficie con grupos  ‐SH,  ‐SO3H y  ‐NH2 mediante el método denominado 
“grafting”,  cuyas  propiedades  ácido‐base  han  demostrado  además  ser  claves  en  la 
productividad  y  selectividad  de  la  reacción  de  DSHP.  De  esta  manera  se  prepararon  los 
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aquellos  funcionalizados  con grupos  sulfónicos  (‐SO3H). Sin embargo, es  interesante analizar 
las  diferentes  tendencias  en  cada  uno  de  los  casos.  Así,  el  sistema  no  funcionalizado  (Au‐
Pd/SBA‐15) muestra  la mayor  producción  inicial  de  H2O2,  reduciéndose  de  forma  drástica 
pasadas  las 2 horas de  reacción, y alcanzando un valor de producción prácticamente nulo a 
partir  de  ese  momento.  El  sistema  Au‐Pd/SBA‐15‐SO3H  muestra  una  alta  velocidad  de 
producción inicial de H2O2 seguida de una ligera disminución conforme transcurre el tiempo de 
la reacción. La mejora en actividad producida por  la presencia de grupos ‐SO3H en el soporte 




Por otro  lado,  los  sistemas bi‐funcionalizados presentan una producción  constante de 
H2O2  en  función  del  tiempo  de  reacción.  Resulta  llamativa  la  gran  diferencia  de  actividad 
existente  entre  el  sistema  bi‐funcionalizado  con  grupos  ‐NH2‐SH,  con  una  producción 
moderada, y el monofuncionalizado con grupos ‐SH, cuya producción de H2O2 es  la más baja. 
Por  tanto,  la  inclusión  de  grupos  ‐NH2  ha  supuesto  una mejora  clara  en  las  prestaciones 
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los distintos  sistemas catalíticos  sería  la diferencia de actividad en  las principales  reacciones 
secundarias, la hidrogenación y descomposición de  H2O2 (vid. Esquema 8.1). La trasformación 
de  H2O2  en  H2O  es  irreversible,  por  lo  que  su  inhibición  es  clave  para  obtener  una  alta 
producción  en  la  reacción  de  DSHP.  En  la  Figura  8.2  se  muestran  los  resultados  de  los 
experimentos de hidrogenación/descomposición de H2O2 realizados en las mismas condiciones 
de  la  reacción de DSHP en ausencia de oxígeno y  con una concentración  inicial de H2O2 del 


















de H2O2 durante  la reacción de DSHP. Por otro  lado, el sistema no funcionalizado muestra  la 
mayor  actividad  en  hidrogenación/descomposición,  con  bastante  diferencia  respecto  a  los 
demás,  lo que concuerda con su bajo rendimiento en  la reacción de reacción de DSHP tras  la 
primera media hora. Por último,  vemos  cómo  los  sistemas mono‐funcionalizados presentan 




descomposición  solo  es  importante  a  altas  concentraciones  de  peróxido,  de  manera  que 
mientras  la  producción  de  H2O2  es  lineal  inicialmente,  esta  decae  a  partir  de  cierta 
concentración.  
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Se  puede  concluir  por  tanto  que,  en  términos  de  productividad,  los  mejores 
catalizadores  son  aquellos  funcionalizados  con  grupos  ácidos,  aunque  para  mantener  la 
producción  en  función  del  tiempo  es  necesario  inhibir  en  cierto  grado  la  reacción  de 
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Para  conocer  el  origen  de  los  diferentes  comportamientos  catalíticos  de  estos  cinco 
sistemas, se ha  llevado a cabo una caracterización extensa de  los mismos con el objetivo de 
correlacionar  las  prestaciones  catalíticas  en  la  producción  de  H2O2  con  las  propiedades  de 






(Figura 8.3) de  tipo  IV,  según  la clasificación de  la  IUPAC,  típica de materiales mesoporosos, 
con  un  ciclo  de  histéresis  H1  propio  de  sistemas mesoporosos  con  poros  cilíndricos  bien 
ordenados  y  de  diámetro  uniforme,  como  en  el  caso  del  soporte  de  SBA‐15.14 Además,  se 
observa una  importante proporción de microporosidad (alrededor de 1/3 del área superficial 
se localiza en los microporos), calculada a partir del volumen adsorbido a baja presión (↓P/P0). 
También  se  puede  observar  cómo  la  superficie  específica  (SBET)  de  la  SBA‐15  disminuye  de 
forma  importante  tras  la  funcionalización  e  introducción de  la  fase metálica, desde  los 717 
m2∙g‐1  en  el  soporte  de  SBA‐15  a  los,  aproximadamente,  500 m2∙g‐1  en  los  sistemas mono‐
funcionalizados, y de forma más notable, hasta  los ~270 m2∙g‐1, en  los bi‐funcionalizados. De 
esta manera podemos  afirmar que  la modificación de  la  superficie del  soporte mediante el 
método  de  grafting  junto  con  la  introducción  de  la  fase metálica  por  intercambio  iónico 
supone el bloqueo en cierto grado de  los canales de  la SBA‐15. Si observamos  los diferentes 
resultados mostrados de  la Tabla 8.1, podemos atribuir el mayor grado de disminución en  la 
superficie  específica  de  los  sistemas  bi‐funcionalizados  a  una  importante  disminución  en  la 
microporosidad  (Smicro), desde  los 245 m2∙g‐1  en  la  SBA‐15  a 30‐40 m2∙g‐1,  lo que  indica  a  la 















SBA‐15  717  472  245  1,92  0,67  ‐‐‐ 
Au‐Pd/SBA‐15  560  374  187  2,00  0,56  ‐15,1 
Au‐Pd/SBA‐15‐SH  500  346  155  2,23  0,51  22,3 
Au‐Pd/SBA‐15‐SO3H  492  343  149  2,30  0,51  ‐48,1 
Au‐Pd/SBA‐15‐NH2‐SH  261  230  31  7,41  0,34  50,5 
Au‐Pd/SBA‐15‐NH2‐SO3H  270  245  37  6,62  0,36  ‐8,3 
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  Si  consideramos el volumen de poro acumulado  calculado mediante el método BJH, 
encontramos  una  disminución  del  50%  en  los  sistemas  bi‐funcionalizados  con  respecto  al 




doble  en  los  sistemas  bi‐funcionalizados  con  respecto  al  de  S  en  los  sistemas  mono‐
funcionalizados,  siendo  de  un  1,7%  en  los  sistemas  bi‐funcionalizados  y  de  0,8%  en  los 


























SBA‐15  ‐‐‐  ‐‐‐  ‐‐‐  ‐‐‐  ‐‐‐  ‐‐‐  ‐‐‐  ‐‐‐ 
Au‐Pd/SBA‐15  ‐‐‐  ‐‐‐  1,09  0,77  1,42  1,18  0,88  1,34 
Au‐Pd/SBA‐15‐SH  0,81  ‐‐‐  0,70  0,25  2,80  0,60  0,23  2,61 
Au‐Pd/SBA‐15‐SO3H  0,82  ‐‐‐  0,41  0,08  5,13  0,33  0,08  4,13 
Au‐Pd/SBA‐15‐NH2‐SH  0,70  1,05  0,83  0,18  4,61  0,62  0,18  3,44 
Au‐Pd/SBA‐15‐NH2‐SO3H  0,71  0,94  0,35  0,08  4,38  0,30  0,09  3,33 
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Atendiendo  a  la  distribución  de  tamaño  de  poro  (Figura  8.4),  observamos  cómo  el 
soporte de SBA‐15 muestra una estrecha distribución de tamaños centrada en torno a 3‐7 nm, 
con  la  presencia  de  dos  máximos,  asociados  a  dos  tipos  de  canales.  Como  vimos,  la 
funcionalización  afecta  al  volumen medio  de  poro  en  todos  los  casos.  Sin  embargo,  en  los 
























examen  exhaustivo  de  las  imágenes  muestra  cómo  estas  partículas  de  mayor  tamaño  se 
componen de aglomerados de otras más pequeñas, de aproximadamente 5 nm. En cualquier 
caso, resulta evidente, a la vista de los resultados, que la funcionalización del soporte de SBA‐
15 mejora  la dispersión de  la  fase metálica en  la  superficie de este.  La presencia de grupos 
ácidos, ‐SO3H, aumenta ligeramente la dispersión, con la aparición de partículas de en torno a 
3‐6 nm, no encontradas en los sistemas mercapto‐funcionalizados (‐SH), cuya mayor dispersión 
da  lugar  a  la  formación  de  partículas metálicas  con  tamaños  dentro  de  un  rango  bajo  y 
especialmente estrecho (0,5‐2 nm).  
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los  patrones  de  difracción  de  rayos‐X  de  ambos  sistemas  (Figura  8.6)  muestran  picos  de 
difracción  propios  de  una  fase  cúbica  de  Au,  los  cuales  aparecen  también  en  el  perfil 
correspondiente al sistema Au‐Pd/SBA‐15. Esto podría explicarse teniendo en cuenta  la carga 
negativa en superficie generada tras  la oxidación de  los grupos ‐SH a ‐SO3H, tal y como se ha 
confirmado mediante  las medidas de potencial zeta (Tabla 8.1),  lo que dificulta  la fijación de 
los aniones AuCl4‐ en la superficie debido a la repulsión que el soporte ejerce sobre estos. Este 
efecto  sería mayor en el  sistema Au‐Pd/SBA‐15‐SO3H  (Pzeta=‐48,1 eV) que en  el  sistema Au‐
Pd/SBA‐15‐NH2‐SO3H  (Pzeta=‐8,3  eV),  lo  que  explicaría  la mayor  heterogeneidad  de  tamaños 
observada en el primero. Por otro  lado, en ningún  caso  se observan picos de difracción de 
rayos‐X asociados al Pd. Como es bien sabido, el tamaño de cristalito debe ser suficientemente 
grande para ser detectado por XRD, normalmente por encima de unos 4 nm de diámetro, pues 
en  caso  contrario  los  picos  serían  demasiado  anchos  e  indistinguibles  del  background.  Por 
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En resumen,  la presencia de grupos  ‐SO3H disminuye  la dispersión de  la  fase metálica, 
generando partículas de mayor  tamaño enriquecidas en Au. Estos  sistemas  son  los que han 
mostrado mayor actividad en  la DSHP  (Figura 8.1), aunque  resulta difícil discriminar entre el 
efecto en  la actividad catalítica de  los grupos ácidos en superficie y el de  la dispersión de  la 
fase metálica. Por otra parte, teniendo en cuenta que el sistema que presenta una producción 
neta de peróxido más baja es el sistema Au‐Pd/SBA‐15‐SH, se podría deducir que una excesiva 
dispersión de  la fase metálica, aunque aumente  la actividad catalítica en  la reacción principal 
de DSHP,  favorece  asimismo  la  descomposición  del H2O2,  lo  que  finalmente  deriva  en  una 
pérdida  de  productividad  de  H2O2.16,17  Sin  embargo,  la  presencia  de  grupos  ‐NH2  podría 
amortiguar este efecto en favor de la selectividad del proceso. Por último, resulta llamativo el 
hecho de que el sistema más activo  inicialmente, tanto en  la producción de H2O2 (Figura 8.1) 
como  en  la  reacción  de  hidrogenación/descomposición  (Figura  8.2),  sea  el  sistema  no 
funcionalizado,  Au‐Pd/SBA‐15,  sobre  todo  teniendo  en  cuenta  que  en  este  caso  el  tamaño 
medio de partícula es el mayor de  los observados entre  los  sistemas  catalíticos estudiados. 
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a  especies  Pd2+.  Por  tanto,  la  preparación  de  los  sistemas  Au/Pd  por  intercambio  iónico, 
además  de  proporcionar  una  alta  dispersión  en  superficie  de  la  fase metálica,  estabiliza  el 
estado  de  oxidación  del  Pd  como  Pd2+  de  forma  mucho  más  eficiente  que  los  sistemas 
obtenidos mediante el método de impregnación.  
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Otro  efecto  que  podemos  observar  en  los  sistemas  frescos  funcionalizados  es  un 
desplazamiento en  la energía del Pd2+ en  torno a +0,7 eV con  respecto a  la observada en el 




presencia de grupos  ‐SO3H genera un  ligero desplazamiento de  la  señal de Pd3d5/2 a mayor 
energía  de  enlace  (+0,3  eV),  lo  cual  podría  estar  relacionado  a  la mayor  carga  negativa  en 















Estudio de la reacción de síntesis directa de peróxido de hidrógeno (DSHP) 





La presencia de Pd0 y Au0 en el  sistema  fresco Au‐Pd/SBA‐15 podría estar  relacionada 
por tanto con su alta actividad en la reacción de hidrogenación/descomposición de H2O2. Con 
el fin de profundizar en el estudio del efecto que el estado de oxidación de las fases metálicas 
tienen  en  la  selectividad  de  la  reacción  de  DSHP,  se  han  llevado  a  cabo  una  serie  de 
experimentos  de  actividad  catalítica  tanto  en  la  reacción  de DHSP  como  en  la  reacción  de 
descomposición de H2O2 tras someter  los catalizadores a un tratamiento previo de reducción 







de  forma dramática en  todos  los casos  respecto a  la observada en  los sistemas  frescos  (vid. 
Figura 8.1), lo que parece ser consecuencia directa del importante aumento en la actividad en 
hidrogenación/descomposición de H2O2 de estos sistemas reducidos, tal y como se muestra en 








*** Nótese  que  la  escala  de  tiempo  en  la  gráfica  de  la  Figura  8.2,  que muestra  los  resultados  en  la 
reacción de hidrogenación/descomposición de H2O2 en los sistemas frescos, está en horas, mientras que 
en la Figura 8.9b está en minutos. 
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estos  sitios especialmente activos en  la  reacción de hidrogenación/descomposición de H2O2. 
Por  otro  lado,  la  presencia  de  grupos  ‐SO3H  provoca  un  aumento  en  el  tamaño medio  de 
partícula  así  como  en  la  producción  de  H2O2.  Este  aumento  de  tamaño  se  atribuye  a  la 
formación de  clústeres de oro, que podrían  inhibir  la descomposición de H2O2  favoreciendo 
por  tanto el aumento en su producción neta. Por último,  la  incorporación de grupos  ‐NH2 al 
catalizador no parece afectar al tamaño de partícula ni al estado químico de la fase metálica, y 
sin  embargo  produce  una  importante  disminución  en  la  actividad  de  la  reacción  de 
hidrogenación/descomposición de H2O2, dando lugar a una producción de H2O2 constante en el 
tiempo. Este efecto podría estar relacionado con la predilección del precursor de grupos ‐NH2 
(APTES) por  incorporarse al  interior de  los microporos de  la SBA‐15,  lo que, como vimos por 
fisisorción  de  nitrógeno  (Tabla  8.1),  supone  la  oclusión  y  desaparición  de  un  importante 
porcentaje de  estos.  Este  efecto podría dificultar  la difusión de  los precursores metálicos  a 
través  de  estos  poros  de menor  tamaño  y,  por  tanto,  evitar  la  formación  de  partículas  de 
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propiedades  físico‐químicas  de  diferentes  sistemas  M/SBA‐15,  además  de  establecer  una 
metodología para conocer la localización de la fase activa en el soporte mesoporoso mediante 
un estudio de reducibilidad en hidrógeno por diversas técnicas.  
Para  el  estudio  de  sistemas  Ni/SBA‐15,  se  han  preparado  una  serie  de  catalizadores 
soportados  en  dos  tipos  de  soportes  de  sílice mesoporosa,  SBA‐15  (con  una  estructura  de 
canales  característica)  y  SiO2  (de  alta  superficie  y  mesoporosidad  abierta),  mediante  los 
métodos  de  impregnación  hasta  humedad  incipiente  y  de  deposición‐precipitación  usando 
urea como agente precipitante. A partir de los resultados de caracterización, se puede concluir 
que  la  formación  de  una  fase  de  hidróxido  silicato  de  níquel  en  el  interior  de  los  canales 
mesoporosos de la SBA‐15, que presenta una dispersión de un orden de magnitud mayor que 
la fase de óxido de níquel obtenida por el método de impregnación, precede la formación de 
partículas  de  níquel  altamente  dispersas  y  en  fuerte  interacción  con  el  soporte.  Estas 
características  parecen  ser  responsables  tanto  de  la  alta  conversión  como  estabilidad  del 
sistema Ni/SBA‐15 DP en la reacción de DRM. Mediante un estudio detallado de este sistema 
por  las  técnicas de XAS y XPS  in situ, se puede concluir que estas propiedades se  relacionan 
con  la presencia de  la fase metálica en el  interior de  los canales mesoporosos del soporte de 
SBA‐15. 
Una  vez  establecida  una  metodología  mediante  la  cual  se  ha  obtenido  un  sistema 
altamente activo y estable en  la reacción de DRM por el método de deposición precipitación 
con urea, que además ha demostrado ser altamente reproducible, se ha estudiado el efecto de 
la  adición  de  cobalto  al  catalizador.  Aunque  es  un metal  cuyas  buenas  prestaciones  en  el 
reformado de metano han sido reportadas por numerosos autores en sistemas soportados en 
ZrO2 o CeO2, no parece ser muy prometedor en otros, como  la sílice, donde su efecto como 
dopante puede  tener  incluso un efecto perjudicial. Así,  se han estudiado  las  causas de este 
comportamiento, estableciendo una relación entre la alta actividad y estabilidad catalítica del 
sistema monometálico de níquel   con una fuerte  interacción metal‐soporte, debilitada por  la 
presencia de cobalto,  lo cual  facilita el proceso de  sinterizado y, con ello, un aumento en el 
tamaño promedio de partícula, que supone la desactivación del catalizador. 
Sin embargo, en la reacción de reformado de etanol con vapor de agua (SRE), el cobalto 
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de  carburo  de  cobalto  superficial,  la  cual  parece  responsable  de  una mayor  selectividad  a 
acetaldehído,  producto  secundario  proveniente  de  la  deshidrogenación  de  etanol.  Sin 
embargo, se ha demostrado cómo la adición de un segundo metal a la fase activa, en este caso 
el  níquel,  favorece  la  dispersión  de  esta,  generando  partículas  de  menor  tamaño  y  una 
distribución  de  tamaños  más  estrecha,  dando  lugar  a  una  importante  disminución  en  la 
selectividad a acetaldehído,  lo que parece correlacionar con una menor formación de  la fase 
de  carburo. Una  de  las  posibles  razones  es  que  la  adsorción  de  etanol  en  la  superficie  del 
cobalto,  primera  etapa  en  la  reacción  de  reformado/deshidrogenación,  es  una  reacción 
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bimetálicos.    
Por último, se han descrito  las propiedades de una serie de sistemas de Au‐Pd/SBA‐15 
preparados  por  un  método  de  intercambio  iónico,  mediante  la  modificación  previa  de  la 




partícula  tiene un  papel  principal  en  la  selectividad  de  la  reacción. Aunque  la presencia de 
partículas  de  pequeño  tamaño,  y  con  ello  de  una  mayor  concentración  de  sitios  activos, 
aumente  la  actividad  del  catalizador,  el  aumento  al mismo  tiempo  en  la  concentración  de 
defectos superficiales favorece  la reacción de hidrogenación/descomposición de H2O2,  lo que 




de H2O2.  Por último,  la bifuncionalización  superficial de  los  sistemas  catalíticos mediante  la 
inclusión de grupos  ‐NH2 no parece afectar al tamaño de partícula ni al estado químico de  la 
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reacción  de  hidrogenación/descomposición  de  H2O2,  haciendo  constante  la  producción  de 
H2O2 en la DSHP debido a una alta selectividad. Esto podría relacionarse con la oclusión de los 
















































































Identification of Outer and Inner Nickel Particles in a Mesoporous
Support: How the Channels Modify the Reducibility of Ni/SBA-15
Catalysts
Alberto Rodriguez-Gomez and Alfonso Caballero*[a]
Abstract: Two different nickel supported on SBA-15 cata-
lytic systems have been prepared by means of impregna-
tion (Ni/SBA-15-ImU) and deposition-precipitation (Ni/SBA-
15-DP) methodologies. Upon calcination, Ni/SBA-15DP
presents a well-developed nickel phyllosilicate phase,
which after reduction gives rise to a dispersed and homo-
geneous metallic phase, mainly located inside the 5 nm in
diameter mesoporous structure of the support. On the
contrary, as evidenced by XRD and a double temperature
programmed reduction (TPR) peak, the Ni/SBA-15-ImU cat-
alyst presents two different NiO phases, which after reduc-
tion in hydrogen generate nickel particles in a wide range
of sizes. In situ XAS and XPS have unambiguously showed
that the distinct TPR profiles obtained for each system are
related with particles located in and out the mesoporous
structure of the SBA-15 channels. The particles inside the
porous are more difficult to reduce, clearly showing a kind
of confinement effect of the SBA-15 mesostructure, modi-
fying the reducibility of the NiO phase.
Nickel supported catalysts constitute one of the most impor-
tant systems for many industrial processes.[1–3] Among them,
the methane-reforming reactions for obtaining hydrogen have
been extensively studied in the last years, in part due to the
development of new natural gas extraction methodologies,
such as the fracking processes.[4] Although the metallic nickel
particles are recognized as the active catalytic sites, there are
many factors affecting the catalytic performance, mainly the
particle size and the interaction with the support surface.[5] In
this sense, mesoporous supports have been claimed as good
candidates for the improvement of catalytic performance.
These materials typically present a very high surface area and
a variable pore size, which at the same time can be used to
control the size of the metallic particles when located inside
the internal mesopores.[6] Thus, mesostructured silica SBA-15,
with a mean porous diameter from 5 nm, can be used to
obtain metallic particles within this size range, which are
known to be appropriate high-performance nickel catalysts in
methane-reforming reactions.[7]
In this contribution we have prepared two different nickel
catalysts supported on SBA-15 using different preparation
methodologies. In this way, we have obtained systems with
nickel particles located on the outer surface of the support
nanoparticles, but also dispersed in the inner mesoporous sur-
face. By combining bulk and surface sensitive techniques (in
situ XAS and XPS), we have been able to discriminate between
both kinds of nickel phases: a NiO supported on the external
surface, presenting a low interaction with the SBA-15 support,
which is easily reducible; and a second NiO phase located in
the internal mesoporous structure which interacts more
strongly with the support and reduces at a higher tempera-
ture.
As described in Supporting Information, two different
10%Ni/SBA-15 catalysts were prepared by impregnation (ImU)
and deposition–precipitation (DP) methods. Both catalytic sys-
tems were submitted to characterization by XRD, TEM, temper-
ature programmed reduction (TPR), X-ray absorption spectros-
copy (XAS) and X-ray photoelectron spectroscopy (XPS). The
XRD diagrams obtained after calcination at 550 8C (Supporting
Information, Figure S1) show the formation of a NiO phase in
the ImU sample (peaks at 37, 43 and 638) and a nickel phyllosi-
licate phase in the DP catalyst (peaks at 34, 37 and 618). TEM
images of these catalysts (Figure 1) also show important differ-
ences between samples. In the calcined ImU catalyst (Fig-
ure 1a) well-dispersed black spots appear, corresponding to
isolated and aggregated NiO particles of around 5 nm, which
are superimposed onto the mesoporous structure of SBA-15.
On the contrary, in the calcined DP catalytic system (Fig-
ure 1b), overlapped with the characteristic porous structure of
the SBA-15, a filamentous structure appears that, according to
the previous XRD diagram, corresponds to the nickel silicate
phase.[8] As reflected in Figure 2, the reduction processes of
these two catalytic systems are completely different. In agree-
ment with previous works for similar catalyst preparations, the
TPR profile of the Ni/SBA-15-ImU catalyst presents two main
peaks, the first at about the same temperature range as mas-
sive NiO, and the second one at a higher temperature (around
540 8C). In a generic way, without additional evidence, this
second peak has been previously ascribed by other authors to
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NiO in strong interaction with the silica support or in the interi-
or of the mesoporous structure of SBA-15.[7, 9,10] On the other
hand, the Ni/SBA-15-DP sample is dominated by a main peak
centered at high temperature (660 8C), accompanied by a small
and wide shoulder between 350 and 450 8C, once again ap-
proximately corresponding to the temperature reduction inter-
val of massive NiO, whose TPR profile is also included in
Figure 2. It is well-known[11,12] that during the DP preparation
procedure the silica surface of SBA-15 is partially dissolved,
leading to the formation of a surface nickel silicate phase
which, as previously reported, reduces at this high tempera-
ture.
After a reduction treatment with hydrogen at 750 8C, XRD
(Supporting Information, Figure S1) shows in both systems the
formation of a metallic nickel phase but with different crystal-
lite sizes. The TEM image of the reduced DP catalyst (Fig-
ure 1d) shows well and homogeneously dispersed nickel parti-
cles, with a mean diameter of about 4.5 nm. However, the im-
pregnated ImU sample (Figure 1c), which presented a very ho-
mogeneous NiO phase after the calcination treatment, now
shows a bimodal distribution of reduced nickel entities: a rela-
tively small number of big particles with sizes between 15 and
35 nm, and many smaller particles of around 5–10 nm in diam-
eter. The big particles must be located outside the mesopo-
rous structure of SBA-15, but from the inspection of the TEM
image in Figure 1c, it is not clear if the small particles are lo-
cated outside or inside these mesoporous materials. An inter-
esting question could be to establish if these two types of
nickel particles correspond to the two main peaks observed in
the TPR profile of the ImU sample in Figure 2. To clarify this
point, a study of the reduction of these two catalysts has been
accomplished by XAS and XPS under controlled in situ condi-
tions.
As expected from the TPR profiles of Figure 2, the XANES
spectrum obtained for the calcined ImU catalyst (Figure 3) cor-
responds to a well-crystallized NiO phase.[13] After a reduction
treatment in hydrogen at 500 8C the nickel appears almost
completely reduced to the metallic state. Finally, the reduction
treatment at 750 8C yields a fully reduced nickel phase. On the
other hand, the XANES spectrum for the calcined DP sample is
characteristic of a phyllosilicate phase.[14] This catalyst is barely
affected by a hydrogen treatment at 500 8C (Figure 3) but is
completely reduced to metallic nickel after a hydrogen treat-
ment at 750 8C. Using the XANES spectra of the oxidized and
metallic references, a linear combination procedure of the
XANES spectra obtained after treatment with hydrogen at
500 8C has allowed us to estimate a reduction percentage of
90 and 25% for the ImU and DP samples, respectively, values
roughly agreeing with the temperature reduction ranges previ-
ously obtained by TPR (Figure 2).
Surprisingly, a first inspection of the spectra obtained in sim-
ilar reduction conditions by in situ XPS (Figure 4) does not
seem to agree with the previous TPR and XAS experiments. Ni/
Figure 1. TEM images of calcined (a) Ni/SBA-15 ImU, (b) Ni/SBA-15 DP, and
reduced (c) ImU and (d) DP catalysts.
Figure 2. TPR reduction profiles of calcined nickel-based systems.
Figure 3. Ni K-edge XANES spectra of Ni/SBA-15 catalysts obtained at RT and
after reduction at 500 8C and 750 8C.
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with hydrogen at 350 8C, remaining roughly unchanged after
successive reduction treatments up to 750 8C in hydrogen.
However, and according to the TPR profile of this sample, at
this low temperature (350 8C) it should be expected that most
of the nickel must remain oxidized. Similarly, the Ni/SBA-15-DP
catalyst appears oxidized at 350 8C, but virtually reduced after
a treatment at 500 8C, although the TPR and XAS showed that
must not be the case for this temperature. Only the small
shoulder centered at 400 8C should be affected after this treat-
ment, remaining the main peak untouched. So, this result
allows us to conclude that in the DP sample most of the
nickel, unreduced at 500 8C but undetectable by XPS, is located
in the channels of the SBA-15 support.
Attending on one hand to the surface sensitivity of XPS
technique, and secondly the bulk sensitivity of XAS experi-
ments in transmission mode, these results can be fully under-
stood, clarifying the different oxidized phases existing in both
catalysts. So, by reducing the ImU catalyst at 350 8C, only the
first TPR peak is affected, indicating that the NiO phase re-
duced at this low temperature is the only one detected by
XPS. Therefore, it must be located at the outer surface of SBA-
15. According to the relative TPR peak intensities, this NiO
phase corresponds to around 50% of total nickel content, and
must be the precursor of the big nickel particles detected by
TEM (Figure 1c). The other half of the oxidized nickel, invisible
to XPS but detected by XAS, remains as NiO and consequently
corresponds to the smaller particles within the SBA-15 chan-
nels. So, just because of its location in the inner surface, this
well-dispersed NiO phase presents a much lower reducibility,
increasing the reduction temperature by 150 8C. It is worth
noting that both NiO phases initially had similar particle sizes
(see TEM images of Figure 1a), meaning that the mesoporous
channels of the support decrease the reducibility and at the
same time prevent the sintering of nickel during reduction.
Similarly, the metallic nickel detected by XPS for the Ni/SBA-15-
DP catalyst reduced at 350 8C, mainly corresponding to the
small shoulder at low temperature observed in the TPR
(Figure 2), should be a superficial oxidized nickel phase, in this
case also generating well-dispersed nickel particles, as ob-
served in the TEM image of Figure 1d. In this case, although
most of the nickel remains oxidized after reduction at 500 8C,
this inner oxidized phase is hidden for the surface-sensitive
XPS technique. Considering that, unlike the DP process, the im-
pregnation procedure does not modify the chemical nature of
the SBA-15 surface (see preparation methods in Supporting In-
formation), these differences in reducibility seem to come just
from a confinement effect generated by the mesoporous struc-
ture of this support.
In summary, we have successfully identified the different
chemical behaviors of the oxidized nickel phases located in-
and outside the mesoporous of SBA-15 silica support. In the
Ni/SBA-15-ImU catalyst, the reduction process of initially similar
NiO particles of about 7–8 nm in diameter differs depending
on their location. Particles in the inner porous structure are
harder to reduce than the outer particles. At the same time,
the outer NiO particles sintered during reduction, increasing
their size up to 35 nm while the inner ones, despite the higher
reduction temperature, maintain roughly the size of the origi-
nal NiO particles. On the other hand, the calcined Ni/SBA-15-
DP catalyst presents a main oxidized phase of nickel silicate
besides a minority one resembling NiO. Both phases, including
that reducing at low temperature generate well-dispersed met-
allic particles of about 4–5 nm, mainly located inside the SBA-
15 channels.
Experimental Section
Experimental details are included in the Supporting Information
file.
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Nickel Particles Selectively Conﬁned in the Mesoporous Channels of
SBA-15 Yielding a Very Stable Catalyst for DRM Reaction
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ABSTRACT: A series of four Ni catalysts supported on SBA-15 and on a high SiO2
surface area have been prepared by modiﬁed impregnation (ImU) and deposition−
precipitation (DP) methods. The catalysts have been extensively characterized,
including in situ XAS (bulk sensitive) and XPS (surface sensitive) techniques, and
their catalytic activities evaluated in the dry reforming reaction of methane (DRM).
The combined use of XPS and XAS has allowed us to determine the location of nickel
particles on each catalyst after reduction at high temperature (750 °C). Both Ni/
SiO2-DP and Ni/SBA-15-DP catalysts yield well-dispersed and homogeneous metallic
phases mainly located in the mesoporosity of both supports. On the contrary, the Ni/
SiO2-ImU and Ni/SBA-15-ImU catalysts present a bimodal distribution of the
reduced nickel phase, with nickel metallic particles located out and into the
mesoporous structure of SiO2 or the SBA-15 channels. The Ni/SBA-15-DP catalyst
was found the most stable and performing system, with a very low level of carbon
deposition, about an order of magnitude lower than the equivalent ImU catalyst. This outstanding performance comes from the
conﬁnement of small and homogeneous nickel particles in the mesoporous channels of SBA-15, which, in strong interaction with
the support, are resistant to sintering and coke deposition during the demanding reaction conditions of DRM.
1. INTRODUCTION
Heterogeneous supported nickel catalysts have received
considerable attention in the last decades.1−4 Although well-
known as the main catalytic system for the industrial steam
reforming of hydrocarbons,5−7 they are also important in many
other catalytic reactions, both in well-established industrial
processes as well as others being currently developed. Among
the latter, the dry reforming of methane (DRM) using CO2 as
reactive has been extensively studied in the last years, especially
after the recent and fast development of new natural gas
extraction methodologies, such as the fracking processes.8,9 As
this greenhouse gas is often contained in natural gas ﬁelds, the
DRM process consumes CO2 while avoiding its emission to the
atmosphere.10−12 It is well-known that this methane reaction
proceeds on catalytic sites of the nickel metallic particles.13
However, there are many known factors aﬀecting the catalytic
performance, mainly particle size and interaction with the
support surface.13−19 Also, deposition of carbon over the
catalyst, one of the main causes of deactivation, extremely
depends on the nickel particle properties and the interaction
with the support.20−25
In this sense, the use of mesoporous supports has been
proposed as a good alternative for the improvement of catalytic
performance.26,27 Typically presenting a very high surface area
and a variable size of the porosity,28 these kinds of materials
could also play a role in controlling the size of the metallic
particles. Its location on the external surface of these supports
or in their internal mesoporosity aﬀects the shape and size of
the metal particles, thus modifying the catalytic performance.29
The mesostructured silica SBA-15 has a high internal area,
consisting of hexagonal pores with a mean diameter from 5 nm
and framework walls of about 3−6 nm, presenting a remarkable
hydrothermal and mechanical stability.28 Considering the harsh
reaction conditions needed for the DRM process, these
characteristics make the SBA-15 suitable for the process,
which at the same time can be used to obtain metallic particles
within this size range, known appropriate to obtain high
performance nickel catalysts.30
In this contribution, we have studied four nickel catalysts
supported on two diﬀerent mesoporous solids: a high surface
area SiO2, presenting a high amount of open mesoporous
surface, and a SBA-15 silica support with the mesoporous
channels described below. In both cases, we have used two
diﬀerent preparation methodologies: an impregnation proce-
dure (Ni/SiO2-ImU and Ni/SBA-15-ImU samples) and a
deposition−precipitation method (Ni/SiO2-DP and Ni/SBA-
15-DP samples). While the former is a well-known method
used for decades, the deposition−precipitation one, although
also currently well-known, is relatively new and has been
extensively used for preparing catalysts for DRM reaction.31−33
In this way, we have succeeded to get systems with nickel
particles located on the outer surface of the support
nanoparticles but also dispersed within the mesoporous surface
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was found the most stable and performing system, with a very low level of carbon
deposition, about an order of magnitude lower than the equivalent ImU catalyst. This outstanding performance comes from the
conﬁnement of small and homogeneous nickel particles in the mesoporous channels of SBA-15, which, in strong interaction with
the support, are resistant to sintering and coke deposition during the demanding reaction conditions of DRM.
1. INTRODUCTION
Heterogeneous supported nickel catalysts have received
considerable attention in the last decades.1−4 Although well-
known as the main catalytic system for the industrial steam
reforming of hydrocarbons,5−7 they are also important in many
other catalytic reactions, both in well-established industrial
processes as well as others being currently developed. Among
the latter, the dry reforming of methane (DRM) using CO2 as
reactive has been extensively studied in the last years, especially
after the recent and fast development of new natural gas
extraction methodologies, such as the fracking processes.8,9 As
this greenhouse gas is often contained in natural gas ﬁelds, the
DRM process consumes CO2 while avoiding its emission to the
atmosphere.10−12 It is well-known that this methane reaction
proceeds on catalytic sites of the nickel metallic particles.13
However, there are many known factors aﬀecting the catalytic
performance, mainly particle size and interaction with the
support surface.13−19 Also, deposition of carbon over the
catalyst, one of the main causes of deactivation, extremely
depends on the nickel particle properties and the interaction
with the support.20−25
In this sense, the use of mesoporous supports has been
proposed as a good alternative for the improvement of catalytic
performance.26,27 Typically presenting a very high surface area
and a variable size of the porosity,28 these kinds of materials
could also play a role in controlling the size of the metallic
particles. Its location on the external surface of these supports
or in their internal mesoporosity aﬀects the shape and size of
the metal particles, thus modifying the catalytic performance.29
The mesostructured silica SBA-15 has a high internal area,
consisting of hexagonal pores with a mean diameter from 5 nm
and framework walls of about 3−6 nm, presenting a remarkable
hydrothermal and mechanical stability.28 Considering the harsh
reaction conditions needed for the DRM process, these
characteristics make the SBA-15 suitable for the process,
which at the same time can be used to obtain metallic particles
within this size range, known appropriate to obtain high
performance nickel catalysts.30
In this contribution, we have studied four nickel catalysts
supported on two diﬀerent mesoporous solids: a high surface
area SiO2, presenting a high amount of open mesoporous
surface, and a SBA-15 silica support with the mesoporous
channels described below. In both cases, we have used two
diﬀerent preparation methodologies: an impregnation proce-
dure (Ni/SiO2-ImU and Ni/SBA-15-ImU samples) and a
deposition−precipitation method (Ni/SiO2-DP and Ni/SBA-
15-DP samples). While the former is a well-known method
used for decades, the deposition−precipitation one, although
also currently well-known, is relatively new and has been
extensively used for preparing catalysts for DRM reaction.31−33
In this way, we have succeeded to get systems with nickel
particles located on the outer surface of the support
nanoparticles but also dispersed within the mesoporous surface
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of both supports. By using simultaneously two in situ
spectroscopy techniques, one of them bulk sensitive (XAS)
and the other one surface sensitive (XPS), we have been able to
discriminate nickel phases in diﬀerent locations; a NiO phase
supported in the external surface, easily reducible and with a
low interaction with the supports, and a second oxidized nickel
phase located in the internal mesoporous structure which
always interacts more strongly with the support, as reﬂected in
their higher reduction temperature. These features have
allowed us to correlate each nickel phase with the diﬀerent
behaviors under reaction conditions. The best catalytic
performance has been obtained when the nickel particles are
located in the mesoporous channels of the SBA-15 support.
2. EXPERIMENTAL SECTION
2.1. Catalyst Preparation. A high surface area SiO2
powder (Sigma-Aldrich, CAS: 112926-00-8) and a synthesized
SBA-15 were used as supports. The mesoporous silica SBA-15
was prepared according to a method previously described in the
literature,34,35 using a molar relation of 1:0.02:9.91:320
TEOS:P123:HCl:H2O (TEOS: Sigma-Aldrich, CAS: 78-10-4;
HCl: Sigma-Aldrich, CAS: 7647-01-0; Pluronic P-123: Sigma-
Aldrich, CAS: 9003-11-6). In a typical procedure, 18 g of P123
was dissolved in 270 mL of distilled water, and under stirring,
135 mL of HCl in 540 mL of water was added. This solution
was transferred into six glass bottles and heated up to 50 °C.
Under static conditions, 5.9 mL of TEOS was added in each
bottle and kept at 50 °C for 18 h. After that, the white product
obtained was ﬁltered and washed with 6 L of boiling distilled
water. The product was dried under a vacuum at 70 °C and
calcined in static air for 3 h at 550 °C using a ramp of 1 °C/
min.
Active metal phase was introduced on both supports by two
diﬀerent methods. One of them consists of a deposition−
precipitation method (DP) using urea (Alfa Aesar, CAS: 57-13-
6) as a precipitant agent following a modiﬁed Liu et al.
protocol.36 Brieﬂy, 1 g of calcined SBA-15 or SiO2 was
dispersed in 150 mL of 0.01 M HNO3 (Sigma-Aldrich, CAS:
7697-37-2) with the metal precursor Ni(NO3)2·6H2O (Pan-
reac, CAS: 13478-00-7). After 1 h of stirring, 11.37 g of urea
was added to the solution and T increased up to 105 °C under
reﬂuxing conditions. The mix was kept on stirring for 2 h
before cooling it down to room temperature (RT). The
dispersed powder was ﬁltered and washed with distilled water
and dried at 110 °C for 24 h, and ﬁnally calcined in static air for
3 h at 550 °C (using a ramp of 1 °C/min). The resulting
products were labeled as 10% Ni/SBA-15-DP and 10% Ni/
SiO2-DP, respectively. A similar treatment without nickel was
used to obtain the SBA-15-DP and SiO2-DP modiﬁed supports.
The 10% Ni/SBA-15-ImU and 10% Ni/SiO2-ImU catalysts
were prepared by incipient wetness impregnation assisted with
ultrasound. Typically, 1 g of support was added to 1.8 mL of
solution and mixed under ultrasound for 5 min, heated at 40 °C
overnight, and ﬁnally calcined in 50 mL/min of argon at 550 °C
for 3 h using a heating ramp of 1 °C/min.
2.2. N2 Physisorption. N2 adsorption/desorption iso-
therms and BET surface areas were obtained at 77 K using a
TRISTAR II (Micromeritics) instrument. Catalytic systems
were pretreated under a vacuum at 150 °C prior to the
adsorption/desorption experiment. Surface areas were calcu-
lated according to the BET method. Porosity was calculated by
the BJH method.
2.3. X-ray Diﬀraction (XRD). Diﬀractograms for calcined
and previously reduced samples were recorded in a PANalytical
X-Pert PRO diﬀractometer with a Cu source (λ = 1.5418 Å, Cu
Kα), working in a Bragg−Brentano conﬁguration and equipped
with an X’Celerator Detector, a real time multiple strip
(RTMS) X-ray detector provided with an integrated array of
parallel detectors allowing an up to 128-fold decrease in
measurement time (active range of 2θ = 2.18°). The data
acquisition was carried out in a 2θ range of 10−80°, a step of
0.05°, and an acquisition time of 240 s, with a total acquisition
time of 43 min.
2.4. Temperature-Programmed Reduction (TPR). The
temperature-programmed reduction proﬁles were obtained
using a thermal conductivity detector based on a Wheatstone
bridge previously calibrated using commercial CuO. A 5% H2/
Ar calibrated mix was used as both carrier and reference gas
(ﬂow rate of 50 mL/min). An amount of sample that would
consume approximately 100 μmol of H2 was used for the
experiment. Typically, the experiment was carried out from RT
up to 900 °C using a heating ramp of 10 °C/min. All of the
experimental conditions were chosen to ensure that no peak
coalescence occurred.37
2.5. Transmission Electronic Microscopy (TEM). TEM
images were obtained in a Philips CM200 microscope
operating at 200 kV. Samples were dispersed on ethanol and
deposited onto a copper grid coated with a lacey carbon ﬁlm.
Histograms for particle size distribution were obtained by
sampling 150 particles.
2.6. X-ray Absorption Spectroscopy (XAS). XAS
(EXAFS and XANES regions) was recorded at the BL22
beamline (CLAESS) of ALBA synchrotron and the BM25A
beamline (SPLINE) of ESRF synchrotron facilities. An
optimum weight of sample to maximize the signal/noise ratio
in the ionization chambers was pelletized through a hydraulic
press of 13 mm at 3 tons and analyzed in transmission mode in
a multipurpose “in situ” cell for gas−solid reactions. XAS
spectra were collected at diﬀerent temperatures during
treatments of the samples in 5% H2/Ar ﬂow (50 mL/min). A
standard Ni-foil was measured and used for energy calibration.
XAS spectra of the Ni K-edge were recorded from 8200 to 9200
eV, with a step of 0.5 eV across the XANES region. Once
extracted from the XAS spectra, the EXAFS oscillations were
Fourier transformed (F.T.) in the range 2.4−11.0 Å−1. Spectra
were analyzed using the software package IFEFFIT.38,39 The
coordination number, interatomic distance, Debye−Waller
factor, and inner potential correction were used as variable
parameters for the ﬁtting procedures.
2.7. X-ray Photoelectron Spectroscopy (XPS). XPS
experiments were carried out in VG-ESCALAB 210 equipment
over pelletized samples. Samples were introduced in a
prechamber at 10−7 Torr. Acquisition was performed in an
appendant analysis chamber equipped with a SPECS Phoibos
100 hemispheric analyzer at 10−9 Torr using Mg Kα radiation
(E = 1.5418 keV) with 20 mA of anode current and 12 kV of
potential acceleration. Before acquisition, each sample was
treated in situ at diﬀerent T (350, 500, and 750 °C) in a ﬂow of
5% H2/Ar at atmospheric pressure using a cell chamber
attached to the above-mentioned prechamber.
2.8. Catalytic Activity Tests. Dry reforming of methane
(DRM) tests were performed using 20 mg of catalyst held in a
tubular quartz reactor through wool quartz. The catalyst was
mixed with 80 mg of SiC in order to avoid heat transport
limitations. The catalytic systems were pretreated in 5% H2/Ar
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at 750 °C for 1 h with a heating ramp of 10 °C/min. Reaction
was carried out with a nondiluted mix (1:1) of 40 mL/min of
CH4 and 40 mL/min of CO2 at 750 °C for 40 h. Reaction
products were analyzed by GC using an Agilent 490 microGC
equipped with three microcolumns. Two were molecular sieves,
one of them using argon as carrier gas to detect H2 and the
second to detect methane and carbon monoxide with helium as
carrier gas. The third was a polar column to analyze carbon
dioxide and water. Each column was equipped with a TCD


























































2.9. Thermogravimetric Analysis (TG). The thermal
behavior of the used catalysts was characterized in a
thermogravimetric analyzer (TA SDT Q600). Experiments
were carried out within a T range of 25−900 °C in air under a
dynamic atmosphere (ﬂow rate of 100 mL/min) and a heating
rate of 10 °C/min. The mass of catalyst was 5 mg. Results of
the measurements were evaluated online using the SDT Q600
software.
3. RESULTS AND DISCUSSION
3.1. Physical and Chemical Characterization of
Calcined Systems. After the calcination treatment of the
freshly prepared samples, they were submitted to a character-
ization study by N2 adsorption analysis (BET, BJH), XRD,
TEM, XAS, and XPS. The adsorption isotherms obtained for all
of the systems were type IV, typical for mesoporous materials.
However, as reﬂected in Table 1, signiﬁcant diﬀerences in BET
surface area and mean porous size are observed. In the case of
the SBA-15 support, the impregnated sample reduces the
speciﬁc surface about 40% (from 698 to 440 m2/g), while the
urea treatment accomplished during the DP process of nickel
(also done without nickel as a blank) gives rise to an important
surface decrease of around 60%, with the simultaneous collapse
of the smaller porosity (mean size increasing from 6.7 to 9.0
nm). Values are lower for the SiO2 support: a surface reduction
of 15% after impregnation (from 534 to 451 m2/g) and of 40%
after urea treatments (with or without nickel). Finally, the
porosity partially collapses after the urea treatment (mean size
increasing from 4.3 to 8.0 nm).
The images obtained by TEM, as those included in Figure 1,
show important diﬀerences between the four calcined systems.
Both DP samples (labels a and b) seem to present the
characteristic “ﬁbrous” microstructures of nickel phyllosilicate
Table 1. Speciﬁc Surface Areas and Average Pore Size Obtained from N2 Adsorption/Desorption Isotherms, Nickel Atomic
Percentage Calculated from XPS Spectra, Average Crystallite Size by the Scherrer Equation, and Average Particle Size by TEM







average NiO/Ni crystallite size
(XRDb)





440/338 6.5/7.2 0.68/0.38 17.0/16.7 -/9.7
SBA-15 treated with urea 249 9.1
Ni/SBA-15 DP
[calcined/H2, 750 °C]
301/265 8.8/10.7 11.27/1.81 5.7/3.7 -/4.4
commercial SiO2 534 4.3
Ni/SiO2 ImU [calcined/H2, 750 °C] 451/433 4.5/4.3 0.86/0.42 11.0/19.5 -/21.7
commercial SiO2 treated with urea 331 8.2
Ni/SiO2 DP [calcined/H2, 750 °C] 331/240 6.3/7.1 5.05/1.38 6.1/3.6 -/5.7
aObtained by the BJH method. bCalculed from the Scherrer equation. cObtained by sampling 150 particles.
Figure 1. TEM images for calcined Ni/SBA-15 DP (a), Ni/SiO2 DP
(b), Ni/SBA-15 ImU (c), and Ni/SiO2 ImU (d).
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of both supports. By using simultaneously two in situ
spectroscopy techniques, one of them bulk sensitive (XAS)
and the other one surface sensitive (XPS), we have been able to
discriminate nickel phases in diﬀerent locations; a NiO phase
supported in the external surface, easily reducible and with a
low interaction with the supports, and a second oxidized nickel
phase located in the internal mesoporous structure which
always interacts more strongly with the support, as reﬂected in
their higher reduction temperature. These features have
allowed us to correlate each nickel phase with the diﬀerent
behaviors under reaction conditions. The best catalytic
performance has been obtained when the nickel particles are
located in the mesoporous channels of the SBA-15 support.
2. EXPERIMENTAL SECTION
2.1. Catalyst Preparation. A high surface area SiO2
powder (Sigma-Aldrich, CAS: 112926-00-8) and a synthesized
SBA-15 were used as supports. The mesoporous silica SBA-15
was prepared according to a method previously described in the
literature,34,35 using a molar relation of 1:0.02:9.91:320
TEOS:P123:HCl:H2O (TEOS: Sigma-Aldrich, CAS: 78-10-4;
HCl: Sigma-Aldrich, CAS: 7647-01-0; Pluronic P-123: Sigma-
Aldrich, CAS: 9003-11-6). In a typical procedure, 18 g of P123
was dissolved in 270 mL of distilled water, and under stirring,
135 mL of HCl in 540 mL of water was added. This solution
was transferred into six glass bottles and heated up to 50 °C.
Under static conditions, 5.9 mL of TEOS was added in each
bottle and kept at 50 °C for 18 h. After that, the white product
obtained was ﬁltered and washed with 6 L of boiling distilled
water. The product was dried under a vacuum at 70 °C and
calcined in static air for 3 h at 550 °C using a ramp of 1 °C/
min.
Active metal phase was introduced on both supports by two
diﬀerent methods. One of them consists of a deposition−
precipitation method (DP) using urea (Alfa Aesar, CAS: 57-13-
6) as a precipitant agent following a modiﬁed Liu et al.
protocol.36 Brieﬂy, 1 g of calcined SBA-15 or SiO2 was
dispersed in 150 mL of 0.01 M HNO3 (Sigma-Aldrich, CAS:
7697-37-2) with the metal precursor Ni(NO3)2·6H2O (Pan-
reac, CAS: 13478-00-7). After 1 h of stirring, 11.37 g of urea
was added to the solution and T increased up to 105 °C under
reﬂuxing conditions. The mix was kept on stirring for 2 h
before cooling it down to room temperature (RT). The
dispersed powder was ﬁltered and washed with distilled water
and dried at 110 °C for 24 h, and ﬁnally calcined in static air for
3 h at 550 °C (using a ramp of 1 °C/min). The resulting
products were labeled as 10% Ni/SBA-15-DP and 10% Ni/
SiO2-DP, respectively. A similar treatment without nickel was
used to obtain the SBA-15-DP and SiO2-DP modiﬁed supports.
The 10% Ni/SBA-15-ImU and 10% Ni/SiO2-ImU catalysts
were prepared by incipient wetness impregnation assisted with
ultrasound. Typically, 1 g of support was added to 1.8 mL of
solution and mixed under ultrasound for 5 min, heated at 40 °C
overnight, and ﬁnally calcined in 50 mL/min of argon at 550 °C
for 3 h using a heating ramp of 1 °C/min.
2.2. N2 Physisorption. N2 adsorption/desorption iso-
therms and BET surface areas were obtained at 77 K using a
TRISTAR II (Micromeritics) instrument. Catalytic systems
were pretreated under a vacuum at 150 °C prior to the
adsorption/desorption experiment. Surface areas were calcu-
lated according to the BET method. Porosity was calculated by
the BJH method.
2.3. X-ray Diﬀraction (XRD). Diﬀractograms for calcined
and previously reduced samples were recorded in a PANalytical
X-Pert PRO diﬀractometer with a Cu source (λ = 1.5418 Å, Cu
Kα), working in a Bragg−Brentano conﬁguration and equipped
with an X’Celerator Detector, a real time multiple strip
(RTMS) X-ray detector provided with an integrated array of
parallel detectors allowing an up to 128-fold decrease in
measurement time (active range of 2θ = 2.18°). The data
acquisition was carried out in a 2θ range of 10−80°, a step of
0.05°, and an acquisition time of 240 s, with a total acquisition
time of 43 min.
2.4. Temperature-Programmed Reduction (TPR). The
temperature-programmed reduction proﬁles were obtained
using a thermal conductivity detector based on a Wheatstone
bridge previously calibrated using commercial CuO. A 5% H2/
Ar calibrated mix was used as both carrier and reference gas
(ﬂow rate of 50 mL/min). An amount of sample that would
consume approximately 100 μmol of H2 was used for the
experiment. Typically, the experiment was carried out from RT
up to 900 °C using a heating ramp of 10 °C/min. All of the
experimental conditions were chosen to ensure that no peak
coalescence occurred.37
2.5. Transmission Electronic Microscopy (TEM). TEM
images were obtained in a Philips CM200 microscope
operating at 200 kV. Samples were dispersed on ethanol and
deposited onto a copper grid coated with a lacey carbon ﬁlm.
Histograms for particle size distribution were obtained by
sampling 150 particles.
2.6. X-ray Absorption Spectroscopy (XAS). XAS
(EXAFS and XANES regions) was recorded at the BL22
beamline (CLAESS) of ALBA synchrotron and the BM25A
beamline (SPLINE) of ESRF synchrotron facilities. An
optimum weight of sample to maximize the signal/noise ratio
in the ionization chambers was pelletized through a hydraulic
press of 13 mm at 3 tons and analyzed in transmission mode in
a multipurpose “in situ” cell for gas−solid reactions. XAS
spectra were collected at diﬀerent temperatures during
treatments of the samples in 5% H2/Ar ﬂow (50 mL/min). A
standard Ni-foil was measured and used for energy calibration.
XAS spectra of the Ni K-edge were recorded from 8200 to 9200
eV, with a step of 0.5 eV across the XANES region. Once
extracted from the XAS spectra, the EXAFS oscillations were
Fourier transformed (F.T.) in the range 2.4−11.0 Å−1. Spectra
were analyzed using the software package IFEFFIT.38,39 The
coordination number, interatomic distance, Debye−Waller
factor, and inner potential correction were used as variable
parameters for the ﬁtting procedures.
2.7. X-ray Photoelectron Spectroscopy (XPS). XPS
experiments were carried out in VG-ESCALAB 210 equipment
over pelletized samples. Samples were introduced in a
prechamber at 10−7 Torr. Acquisition was performed in an
appendant analysis chamber equipped with a SPECS Phoibos
100 hemispheric analyzer at 10−9 Torr using Mg Kα radiation
(E = 1.5418 keV) with 20 mA of anode current and 12 kV of
potential acceleration. Before acquisition, each sample was
treated in situ at diﬀerent T (350, 500, and 750 °C) in a ﬂow of
5% H2/Ar at atmospheric pressure using a cell chamber
attached to the above-mentioned prechamber.
2.8. Catalytic Activity Tests. Dry reforming of methane
(DRM) tests were performed using 20 mg of catalyst held in a
tubular quartz reactor through wool quartz. The catalyst was
mixed with 80 mg of SiC in order to avoid heat transport
limitations. The catalytic systems were pretreated in 5% H2/Ar
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at 750 °C for 1 h with a heating ramp of 10 °C/min. Reaction
was carried out with a nondiluted mix (1:1) of 40 mL/min of
CH4 and 40 mL/min of CO2 at 750 °C for 40 h. Reaction
products were analyzed by GC using an Agilent 490 microGC
equipped with three microcolumns. Two were molecular sieves,
one of them using argon as carrier gas to detect H2 and the
second to detect methane and carbon monoxide with helium as
carrier gas. The third was a polar column to analyze carbon
dioxide and water. Each column was equipped with a TCD


























































2.9. Thermogravimetric Analysis (TG). The thermal
behavior of the used catalysts was characterized in a
thermogravimetric analyzer (TA SDT Q600). Experiments
were carried out within a T range of 25−900 °C in air under a
dynamic atmosphere (ﬂow rate of 100 mL/min) and a heating
rate of 10 °C/min. The mass of catalyst was 5 mg. Results of
the measurements were evaluated online using the SDT Q600
software.
3. RESULTS AND DISCUSSION
3.1. Physical and Chemical Characterization of
Calcined Systems. After the calcination treatment of the
freshly prepared samples, they were submitted to a character-
ization study by N2 adsorption analysis (BET, BJH), XRD,
TEM, XAS, and XPS. The adsorption isotherms obtained for all
of the systems were type IV, typical for mesoporous materials.
However, as reﬂected in Table 1, signiﬁcant diﬀerences in BET
surface area and mean porous size are observed. In the case of
the SBA-15 support, the impregnated sample reduces the
speciﬁc surface about 40% (from 698 to 440 m2/g), while the
urea treatment accomplished during the DP process of nickel
(also done without nickel as a blank) gives rise to an important
surface decrease of around 60%, with the simultaneous collapse
of the smaller porosity (mean size increasing from 6.7 to 9.0
nm). Values are lower for the SiO2 support: a surface reduction
of 15% after impregnation (from 534 to 451 m2/g) and of 40%
after urea treatments (with or without nickel). Finally, the
porosity partially collapses after the urea treatment (mean size
increasing from 4.3 to 8.0 nm).
The images obtained by TEM, as those included in Figure 1,
show important diﬀerences between the four calcined systems.
Both DP samples (labels a and b) seem to present the
characteristic “ﬁbrous” microstructures of nickel phyllosilicate
Table 1. Speciﬁc Surface Areas and Average Pore Size Obtained from N2 Adsorption/Desorption Isotherms, Nickel Atomic
Percentage Calculated from XPS Spectra, Average Crystallite Size by the Scherrer Equation, and Average Particle Size by TEM
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440/338 6.5/7.2 0.68/0.38 17.0/16.7 -/9.7
SBA-15 treated with urea 249 9.1
Ni/SBA-15 DP
[calcined/H2, 750 °C]
301/265 8.8/10.7 11.27/1.81 5.7/3.7 -/4.4
commercial SiO2 534 4.3
Ni/SiO2 ImU [calcined/H2, 750 °C] 451/433 4.5/4.3 0.86/0.42 11.0/19.5 -/21.7
commercial SiO2 treated with urea 331 8.2
Ni/SiO2 DP [calcined/H2, 750 °C] 331/240 6.3/7.1 5.05/1.38 6.1/3.6 -/5.7
aObtained by the BJH method. bCalculed from the Scherrer equation. cObtained by sampling 150 particles.
Figure 1. TEM images for calcined Ni/SBA-15 DP (a), Ni/SiO2 DP
(b), Ni/SBA-15 ImU (c), and Ni/SiO2 ImU (d).
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phase,40,41 overlapped with the porous structure of the SBA-15
and the SiO2, respectively. The XRD diagrams in Figure 2
conﬁrm the presence of a nickel phyllosilicate phase, identiﬁed
by the peaks at 34, 37, and 61°. No peaks from a NiO phase
could be detected. The TEM images of the two ImU catalysts
(Figure 1, labels c and d) show black spots which are clearly
identiﬁed as a NiO phase by XRD (Figure 2, peaks at 37, 43,
and 63°). The assignment of these phases for both Ni/SBA-15
catalysts has been conﬁrmed by XAS spectroscopy. As shown in
Figure 3, the XANES spectrum of the ImU sample, and
especially the white line, is characteristic of NiO42 and diﬀerent
from that of the Ni/SBA-15-DP sample, which correspond to
the nickel silicate identiﬁed below. Also, the Fourier transforms
(Figure 3, right) obtained from the EXAFS of the calcined Ni/
SBA-15-ImU sample clearly correspond to NiO, with a very
intense peak centered at 2.83 Å from the Ni−Ni second
neighbor of the cubic phase.42 At 2.93 Å appears the equivalent
Ni−Si contribution for the phyllosilicate in the Ni/SBA-15-DP
catalyst.43,44
Finally, the XPS data have shed additional light on the
physical and chemical state of these calcined catalysts. As
pointed out in Figure 4, XPS show diﬀerent positions for the
main peak of calcined DP and ImU samples, 856.6 and 855.1
eV, respectively, which can again be ascribed to the presence of,
respectively, nickel phyllosilicate and NiO phases.44,45 It is also
interesting to remark on the intensity diﬀerences (Table 1)
depending on the support (SiO2 or SBA-15) and on the
preparation method (ImU or DP). These intensities are about
an order of magnitude higher for both Ni supported DP
Figure 2. XRD patterns for (left) calcined and (right) treated in 5% H2/Ar at 750 °C nickel-based systems.
Figure 3. Ni−K edge XANES spectra (left) and Fourier transform functions of the EXAFS oscillations (right) for calcined nickel-based systems
supported in SBA-15.
Figure 4. XPS spectra for calcined nickel-based systems.
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systems, which must be related to a better dispersion of the
nickel oxidized phase over the supports, as reﬂected in Table 1.
It is also interesting to note that the Ni/SiO2-ImU signal is
more intense than the equivalent Ni/SBA-15-ImU catalyst,
once again in agreement with the crystallite sizes of the nickel
oxide particles in the calcined samples determined by XRD
(Table 1).
3.2. Study of the Reduction Processes and the
Reduced Catalytic Systems. The reduction of the oxidized
nickel phases has been monitored by TPR. As shown in Figure
5, the proﬁles of ImU and DP catalysts present very diﬀerent
features. Both DP samples have similar proﬁles, with a main
peak at around 660 °C, previously assigned to a nickel
phyllosilicate phase,43 and an additional wide, small shoulder
centered at about 400 °C, a temperature range characteristic of
NiO reduction. Similarly, just as previously reported,26 the ImU
samples present also two peaks, in these cases at lower
temperature and with similar intensities. In Ni/SBA-15-ImU,
these peaks are centered at 375 and 525 °C, and in Ni/SiO2-
ImU, they are centered at 375 and 460 °C. As the XRD
diagram of these samples (Figure 2) showed that only NiO is
present in both ImU catalysts, these two peaks must
correspond to two diﬀerent NiO phases coexisting within the
catalysts with diﬀerent degrees of interaction with the supports.
The ﬁrst one, reducing at lower temperature, seems to be
similar to massive NiO. The second one, with a higher
reduction temperature, must correspond to a NiO phase
interacting more strongly with the supports.46 The observed
diﬀerences in the TPR proﬁles of both ImU samples can be
related to the slightly diﬀerent particle size ranges (Table 1) but
also considering that particles with similar size present a
stronger interaction when located inside the mesoporous
channel of the SBA-15 support. The results of these reduction
processes are reﬂected both in the XRD diagrams of Figure 2
and the TEM images of Figure 6. Both DP samples generate
small and homogeneous nickel particles of about 4−6 nm
(Table 1, calculated from the Scherrer formula and Figure 7
evaluated from TEM images). It is worth noting that, in Ni/
SBA-15-DP, many nickel particles seem to be aligned with the
mesoporous channels of support but also encapsulated in a
phase of amorphous appearance, which must come from the
partial solution of SBA-15 during the deposition−precipitation
process.45,47 The state of impregnated Ni/SBA-15-ImU and
Ni/SiO2-ImU samples is completely diﬀerent, with a mean
diameter particle around 15−20 nm (Table 1, Scherrer
calculation) but heterogeneously distributed. The analysis of
TEM images (Figure 7) shows a large number of particles with
a diameter between 5 and 15 nm and a relatively small number
of larger particles of 25−35 nm, and even larger than that for
the silica supported system.
The reduction processes of both SBA-15 supported catalysts
have also been analyzed by in situ XAS spectroscopy. Figure 8
shows the XANES and F.T. of the EXAFS spectra obtained for
the Ni/SBA-15-ImU catalyst at RT (after calcination), during
hydrogen reduction at 500 °C and at RT after the hydrogen
reduction treatment at 750 °C. As indicated before, the XANES
of the calcined sample, characteristic of a NiO phase, evolves
after reduction at 500 °C to an almost completely reduced
metallic nickel phase. Only the slightly more intense white line
reveals the presence of a small proportion of remaining nickel
oxide. The reduction treatment at 750 °C yields a completely
reduced nickel phase.17 Using the XANES spectra of oxidized
and metallic references, a linear combination procedure of the
XANES spectra obtained after treatment with hydrogen at 500
°C has allowed us to estimate a reduction percentage of 90%
for this ImU sample (Table 2). As shown in Figure 9, where
these reduction temperatures are tagged in the TPR proﬁles,
overall these results are as expected. The F.T. obtained from
the EXAFS region (Figure 8, right) also show consistent results.
The two main peaks at 1.8 and 2.83 Å obtained for the calcined
Ni/SBA-15-ImU sample are characteristic of a NiO phase.2
Also, the spectrum obtained at 500 °C, with a main peak at 2.50
Å, agrees with the TPR proﬁle, indicating virtually total nickel
reduction. In this sense, it is important to note that the
diﬀerences in intensities observed for both reducing treatments
come from the diﬀerent temperatures of the spectra acquisition:
500 °C and room temperature, respectively, which change the
Figure 5. Temperature-programmed reduction proﬁle for a NiO
pattern (a), calcined Ni/SBA-15 DP (b), Ni/SiO2 DP (c), Ni/SBA-15
ImU (d), and Ni/SiO2 ImU (e).
Figure 6. TEM images for reduced Ni/SBA-15 DP (a), Ni/SiO2 DP
(b), Ni/SBA-15 ImU(c), and Ni/SiO2 ImU (d).
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phase,40,41 overlapped with the porous structure of the SBA-15
and the SiO2, respectively. The XRD diagrams in Figure 2
conﬁrm the presence of a nickel phyllosilicate phase, identiﬁed
by the peaks at 34, 37, and 61°. No peaks from a NiO phase
could be detected. The TEM images of the two ImU catalysts
(Figure 1, labels c and d) show black spots which are clearly
identiﬁed as a NiO phase by XRD (Figure 2, peaks at 37, 43,
and 63°). The assignment of these phases for both Ni/SBA-15
catalysts has been conﬁrmed by XAS spectroscopy. As shown in
Figure 3, the XANES spectrum of the ImU sample, and
especially the white line, is characteristic of NiO42 and diﬀerent
from that of the Ni/SBA-15-DP sample, which correspond to
the nickel silicate identiﬁed below. Also, the Fourier transforms
(Figure 3, right) obtained from the EXAFS of the calcined Ni/
SBA-15-ImU sample clearly correspond to NiO, with a very
intense peak centered at 2.83 Å from the Ni−Ni second
neighbor of the cubic phase.42 At 2.93 Å appears the equivalent
Ni−Si contribution for the phyllosilicate in the Ni/SBA-15-DP
catalyst.43,44
Finally, the XPS data have shed additional light on the
physical and chemical state of these calcined catalysts. As
pointed out in Figure 4, XPS show diﬀerent positions for the
main peak of calcined DP and ImU samples, 856.6 and 855.1
eV, respectively, which can again be ascribed to the presence of,
respectively, nickel phyllosilicate and NiO phases.44,45 It is also
interesting to remark on the intensity diﬀerences (Table 1)
depending on the support (SiO2 or SBA-15) and on the
preparation method (ImU or DP). These intensities are about
an order of magnitude higher for both Ni supported DP
Figure 2. XRD patterns for (left) calcined and (right) treated in 5% H2/Ar at 750 °C nickel-based systems.
Figure 3. Ni−K edge XANES spectra (left) and Fourier transform functions of the EXAFS oscillations (right) for calcined nickel-based systems
supported in SBA-15.
Figure 4. XPS spectra for calcined nickel-based systems.
The Journal of Physical Chemistry B Article
DOI: 10.1021/acs.jpcb.7b03835
J. Phys. Chem. B XXXX, XXX, XXX−XXX
D
systems, which must be related to a better dispersion of the
nickel oxidized phase over the supports, as reﬂected in Table 1.
It is also interesting to note that the Ni/SiO2-ImU signal is
more intense than the equivalent Ni/SBA-15-ImU catalyst,
once again in agreement with the crystallite sizes of the nickel
oxide particles in the calcined samples determined by XRD
(Table 1).
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peak at around 660 °C, previously assigned to a nickel
phyllosilicate phase,43 and an additional wide, small shoulder
centered at about 400 °C, a temperature range characteristic of
NiO reduction. Similarly, just as previously reported,26 the ImU
samples present also two peaks, in these cases at lower
temperature and with similar intensities. In Ni/SBA-15-ImU,
these peaks are centered at 375 and 525 °C, and in Ni/SiO2-
ImU, they are centered at 375 and 460 °C. As the XRD
diagram of these samples (Figure 2) showed that only NiO is
present in both ImU catalysts, these two peaks must
correspond to two diﬀerent NiO phases coexisting within the
catalysts with diﬀerent degrees of interaction with the supports.
The ﬁrst one, reducing at lower temperature, seems to be
similar to massive NiO. The second one, with a higher
reduction temperature, must correspond to a NiO phase
interacting more strongly with the supports.46 The observed
diﬀerences in the TPR proﬁles of both ImU samples can be
related to the slightly diﬀerent particle size ranges (Table 1) but
also considering that particles with similar size present a
stronger interaction when located inside the mesoporous
channel of the SBA-15 support. The results of these reduction
processes are reﬂected both in the XRD diagrams of Figure 2
and the TEM images of Figure 6. Both DP samples generate
small and homogeneous nickel particles of about 4−6 nm
(Table 1, calculated from the Scherrer formula and Figure 7
evaluated from TEM images). It is worth noting that, in Ni/
SBA-15-DP, many nickel particles seem to be aligned with the
mesoporous channels of support but also encapsulated in a
phase of amorphous appearance, which must come from the
partial solution of SBA-15 during the deposition−precipitation
process.45,47 The state of impregnated Ni/SBA-15-ImU and
Ni/SiO2-ImU samples is completely diﬀerent, with a mean
diameter particle around 15−20 nm (Table 1, Scherrer
calculation) but heterogeneously distributed. The analysis of
TEM images (Figure 7) shows a large number of particles with
a diameter between 5 and 15 nm and a relatively small number
of larger particles of 25−35 nm, and even larger than that for
the silica supported system.
The reduction processes of both SBA-15 supported catalysts
have also been analyzed by in situ XAS spectroscopy. Figure 8
shows the XANES and F.T. of the EXAFS spectra obtained for
the Ni/SBA-15-ImU catalyst at RT (after calcination), during
hydrogen reduction at 500 °C and at RT after the hydrogen
reduction treatment at 750 °C. As indicated before, the XANES
of the calcined sample, characteristic of a NiO phase, evolves
after reduction at 500 °C to an almost completely reduced
metallic nickel phase. Only the slightly more intense white line
reveals the presence of a small proportion of remaining nickel
oxide. The reduction treatment at 750 °C yields a completely
reduced nickel phase.17 Using the XANES spectra of oxidized
and metallic references, a linear combination procedure of the
XANES spectra obtained after treatment with hydrogen at 500
°C has allowed us to estimate a reduction percentage of 90%
for this ImU sample (Table 2). As shown in Figure 9, where
these reduction temperatures are tagged in the TPR proﬁles,
overall these results are as expected. The F.T. obtained from
the EXAFS region (Figure 8, right) also show consistent results.
The two main peaks at 1.8 and 2.83 Å obtained for the calcined
Ni/SBA-15-ImU sample are characteristic of a NiO phase.2
Also, the spectrum obtained at 500 °C, with a main peak at 2.50
Å, agrees with the TPR proﬁle, indicating virtually total nickel
reduction. In this sense, it is important to note that the
diﬀerences in intensities observed for both reducing treatments
come from the diﬀerent temperatures of the spectra acquisition:
500 °C and room temperature, respectively, which change the
Figure 5. Temperature-programmed reduction proﬁle for a NiO
pattern (a), calcined Ni/SBA-15 DP (b), Ni/SiO2 DP (c), Ni/SBA-15
ImU (d), and Ni/SiO2 ImU (e).
Figure 6. TEM images for reduced Ni/SBA-15 DP (a), Ni/SiO2 DP
(b), Ni/SBA-15 ImU(c), and Ni/SiO2 ImU (d).
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amplitude of the EXAFS oscillation through the Debye−Waller
factors. By EXAFS spectrum ﬁtting analysis of the totally
reduced Ni/SBA-15-ImU catalyst, a value of 11.4 has been
obtained for the Ni−Ni coordination number (CN), close to
the value 12 of bulk nickel, which is also compatible with
particles larger than 10 nm in diameter, as previously obtained
by Scherrer and TEM images (Table 1).
The behavior of the Ni/SBA-15-DP catalyst is drastically
diﬀerent. As shown in Figure 10, the original XANES of the DP
sample characteristics of nickel silicate undergoes only small
changes after reduction at 500 °C, with only a small fraction of
reduced nickel (25%, obtained by linear combination, Table 2).
Finally, in agreement with TPR (Figure 9) at 750 °C, nickel
appears completely reduced. The mean Ni−Ni coordination
number of 10.2 obtained by ﬁtting analysis of the EXAFS
spectrum also agrees with TEM and XRD data (Table 1),
indicating the presence of smaller nickel particles.
Although a similar XAS study over both Ni/SiO2 samples has
not been done because of beam time availability, considering
the previous TPR and XRD results exhibited above, a similar
behavior to the Ni/SBA-15 catalysts could be expected for
these two catalysts.
As previously shown for DP samples,48 the characterization
of reduction processes by in situ XPS gives seemingly
contradictory results. Figure 11 includes the XPS obtained for
the diﬀerent catalysts under the indicated in situ conditions:
Figure 7. Particle size distribution for reduced Ni/SBA-15 DP (a), Ni/SiO2 DP (b), Ni/SBA-15 ImU(c), and Ni/SiO2 ImU (d).
Figure 8. Ni−K edge XANES spectra (left) and Fourier transform functions of the EXAFS oscillations (right) obtained for Ni/SBA-15 ImU during
the indicated treatments.
Table 2. Percentage of Ni0 Calculated by Linear Combination of XANES Spectra and Best Fitting Values Obtained from the
EXAFS of Reduced Samples
Ni0 at 500 °C in H2
a (%) Ni0 at 750 °C in H2
a (%) C.N.b ΔE0 (eV) Rb (Å) D−W (Å2 × 10−3)
Ni/SBA-15 ImU 90 100 11.4 6.8 2.47 6
Ni/SBA-15 DP 25 100 10.2 6.7 2.47 6
aCalculated by lineal combination of XANES spectra. bReferred to C.N. of 12 and R of 2.48 Å of a reference Ni-foil, after H2 750 °C.
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samples calcined and after hydrogen reduction at 350, 500, and
750 °C, respectively. As discussed above (Figure 4), spectra of
both calcined ImU samples are characteristic of NiO, while the
corresponding two DP samples show spectra attributed to Ni2+
species of a phyllosilicate phase.44,45
With respect to the two ImU samples, the diﬀerent behavior
of both catalysts after the hydrogen treatments is noteworthy.
While the Ni/SBA-15-ImU sample appears completely reduced
at 350 °C, without further major changes at temperatures up to
750 °C, the Ni/SiO2-ImU catalyst is only partially reduced at
the lowest temperature, being completely reduced at 500 °C.
According to the TPR proﬁles in Figure 9, at this low
temperature of 350 °C, most of the nickel should remain
oxidized in both ImU catalysts, especially in the SBA-15
supported sample whose TPR proﬁle extends at even higher
temperature. However, considering the surface sensitivity of the
XPS technique, this result indicates that the small fraction of
nickel reduced at 350 °C in the Ni/SBA-15-ImU sample must
correspond to NiO on the surface support. Accordingly, the
unreduced fraction, undetectable by XPS, must be located at
the inner surface of the mesoporous channels. A similar
interpretation can be done for the Ni/SiO2-ImU samples, but in
this case the NiO particles reducing above 350 °C must be
located in the mesoporous of the SiO2 support, which as
external porosity are partially visible by XPS.
In the same way, the behavior of both DP samples after the
hydrogen treatments does not seem to agree with the previous
TPR and XAS results. At 350 °C, the reduction process has not
begun (Figure 9), and according to the XPS spectra of Figure
11, the nickel remains completely oxidized in both catalysts.
However, at 500 °C, virtually all of the nickel appears reduced
to the metallic state in both DP catalysts, but according to the
TPR proﬁles, only the small fraction of nickel reduced at the
small shoulder centered at 350 °C should be aﬀected by this
Figure 9. TPR proﬁles of the nickel supported systems.
Figure 10. Ni−K edge XANES spectra (left) and Fourier transform functions of the EXAFS oscillations (right) obtained for Ni/SBA-15 DP during
the indicated treatments.
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amplitude of the EXAFS oscillation through the Debye−Waller
factors. By EXAFS spectrum ﬁtting analysis of the totally
reduced Ni/SBA-15-ImU catalyst, a value of 11.4 has been
obtained for the Ni−Ni coordination number (CN), close to
the value 12 of bulk nickel, which is also compatible with
particles larger than 10 nm in diameter, as previously obtained
by Scherrer and TEM images (Table 1).
The behavior of the Ni/SBA-15-DP catalyst is drastically
diﬀerent. As shown in Figure 10, the original XANES of the DP
sample characteristics of nickel silicate undergoes only small
changes after reduction at 500 °C, with only a small fraction of
reduced nickel (25%, obtained by linear combination, Table 2).
Finally, in agreement with TPR (Figure 9) at 750 °C, nickel
appears completely reduced. The mean Ni−Ni coordination
number of 10.2 obtained by ﬁtting analysis of the EXAFS
spectrum also agrees with TEM and XRD data (Table 1),
indicating the presence of smaller nickel particles.
Although a similar XAS study over both Ni/SiO2 samples has
not been done because of beam time availability, considering
the previous TPR and XRD results exhibited above, a similar
behavior to the Ni/SBA-15 catalysts could be expected for
these two catalysts.
As previously shown for DP samples,48 the characterization
of reduction processes by in situ XPS gives seemingly
contradictory results. Figure 11 includes the XPS obtained for
the diﬀerent catalysts under the indicated in situ conditions:
Figure 7. Particle size distribution for reduced Ni/SBA-15 DP (a), Ni/SiO2 DP (b), Ni/SBA-15 ImU(c), and Ni/SiO2 ImU (d).
Figure 8. Ni−K edge XANES spectra (left) and Fourier transform functions of the EXAFS oscillations (right) obtained for Ni/SBA-15 ImU during
the indicated treatments.
Table 2. Percentage of Ni0 Calculated by Linear Combination of XANES Spectra and Best Fitting Values Obtained from the
EXAFS of Reduced Samples
Ni0 at 500 °C in H2
a (%) Ni0 at 750 °C in H2
a (%) C.N.b ΔE0 (eV) Rb (Å) D−W (Å2 × 10−3)
Ni/SBA-15 ImU 90 100 11.4 6.8 2.47 6
Ni/SBA-15 DP 25 100 10.2 6.7 2.47 6
aCalculated by lineal combination of XANES spectra. bReferred to C.N. of 12 and R of 2.48 Å of a reference Ni-foil, after H2 750 °C.
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samples calcined and after hydrogen reduction at 350, 500, and
750 °C, respectively. As discussed above (Figure 4), spectra of
both calcined ImU samples are characteristic of NiO, while the
corresponding two DP samples show spectra attributed to Ni2+
species of a phyllosilicate phase.44,45
With respect to the two ImU samples, the diﬀerent behavior
of both catalysts after the hydrogen treatments is noteworthy.
While the Ni/SBA-15-ImU sample appears completely reduced
at 350 °C, without further major changes at temperatures up to
750 °C, the Ni/SiO2-ImU catalyst is only partially reduced at
the lowest temperature, being completely reduced at 500 °C.
According to the TPR proﬁles in Figure 9, at this low
temperature of 350 °C, most of the nickel should remain
oxidized in both ImU catalysts, especially in the SBA-15
supported sample whose TPR proﬁle extends at even higher
temperature. However, considering the surface sensitivity of the
XPS technique, this result indicates that the small fraction of
nickel reduced at 350 °C in the Ni/SBA-15-ImU sample must
correspond to NiO on the surface support. Accordingly, the
unreduced fraction, undetectable by XPS, must be located at
the inner surface of the mesoporous channels. A similar
interpretation can be done for the Ni/SiO2-ImU samples, but in
this case the NiO particles reducing above 350 °C must be
located in the mesoporous of the SiO2 support, which as
external porosity are partially visible by XPS.
In the same way, the behavior of both DP samples after the
hydrogen treatments does not seem to agree with the previous
TPR and XAS results. At 350 °C, the reduction process has not
begun (Figure 9), and according to the XPS spectra of Figure
11, the nickel remains completely oxidized in both catalysts.
However, at 500 °C, virtually all of the nickel appears reduced
to the metallic state in both DP catalysts, but according to the
TPR proﬁles, only the small fraction of nickel reduced at the
small shoulder centered at 350 °C should be aﬀected by this
Figure 9. TPR proﬁles of the nickel supported systems.
Figure 10. Ni−K edge XANES spectra (left) and Fourier transform functions of the EXAFS oscillations (right) obtained for Ni/SBA-15 DP during
the indicated treatments.
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reduction treatment. Considering the surface sensitivity of XPS,
these results are indicating that the nickel species reducing at
the lowest temperature range must be located in the outer
surface of the supports. Therefore, once again, the main peak
centered at 660 °C corresponds in these cases to the reduction
of nickel species conﬁned in the mesoporous surface, channels
and open mesoporosity, respectively.
In summary, these results so far presented allowed us to
assign each TPR contribution to diﬀerent kinds of oxidized
nickel phases located in diﬀerent positions in the four catalysts
prepared with the SBA-15 and SiO2 mesoporous supports.
3.3. Catalytic Studies. The four catalytic systems were
tested in the dry reforming reaction of methane (DRM). As
shown in Figure 12, the catalytic performances diﬀer drastically
depending on the support and the preparation method. It is
worth pointing out the excellent performance, both in activity
and stability, of Ni/SBA-15-DP after 40 h under these harsh
reaction conditions (undiluted mixture of methane and CO2).
It can be observed that also the H2/CO ratio around 0.9 is
constant during the whole period. The two ImU samples
supported on SBA-15 and SiO2 showed a similar behavior, with
a relatively high initial activity (35−45% methane conversion)
and a high deactivation rate, reachingafter 40 hmethane
conversion values of 20−25%. At the same time, the H2/CO
ratios are extremely low, especially in the Ni/SiO2-ImU sample
with a value of H2/CO of 0.3 after 40 h of TOS. This indicates
an important contribution of the reverse WGSR (CO2 + H2 ⇌
CO + H2O), which increases the production of CO, decreasing
Figure 11. XPS spectra of nickel-based systems submitted to the indicated in situ treatments.
Figure 12. (left) CH4 conversion in the reaction of DRM at 750 °C using a mix of CH4:CO2 [1:1] with 80 mL/min as a total ﬂow. (right) [H2]/
[CO] ratio and H2 selectivity.
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the amount of hydrogen as product. Finally, the Ni/SiO2-DP
presented a mixed behavior, with initial values similar to Ni/
SBA-15-DP but quickly declining to conversion values close to
those of the ImU catalysts. Interestingly, also the H2/CO ratio,
related to the RWGS reaction, evolves during reaction in this
catalyst. Considering that, as will be shown below, the nickel
particle size of this catalyst increases during reaction, these
ﬁndings seem to indicate that in our catalyst large particle sizes
favor this RWGS reaction.
After 40 h under reaction conditions, the catalyst presented
the appearance shown in the TEM images of Figure 13. Nickel
particles have clearly increased their sizes in all catalysts with
the exception of the Ni/SBA-15-DP catalyst. This size stability,
which should be related to the nickel particles conﬁnement in
the mesoporous channels of the SBA-15 support, must account
for the noticeable stability in the catalytic performance. It is also
worth mentioning that the bimodal catalytic behavior of Ni/
SiO2-DP can be explained considering that this catalyst
contains initially small nickel particles similar to those detected
in the Ni/SBA-15-DP. During reaction, the size of these
particles increases, now presenting a lower catalytic perform-
ance. It is also relevant to remark that no carbon deposits could
be observed in the image of Ni/SiO2-ImU, which will be
conﬁrmed by the TG/DSC included below.
Thus, Figure 14 includes the results from thermogravimetric
analysis (TG) and diﬀerential scanning calorimetry (DSC). As
shown, the Ni/SBA-15-ImU catalyst contains a higher amount
of carbon than the DP which according to the TG/DSC must
correspond to a graphitic coke more diﬃcult to oxidize.49−52
The Ni/SBA-15-DP presents a lesser amount of coke and a
lower combustion temperature. On the other hand, the
analogous Ni/SiO2 samples present much less carbon,
especially the impregnated one, which does not present carbon
deposits at all. This surprising behavior could be explained
considering two diﬀerent facts. First of all, this sample has a low
Figure 13. TEM images of Ni/SBA-15 DP (a), Ni/SiO2 DP (b), Ni/SBA-15 ImU (c), and Ni/SiO2 ImU (d) after DRM test.
Figure 14. TG and DSC analysis performed in air ﬂow for the catalytic
systems after 40 h in DRM.
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reduction treatment. Considering the surface sensitivity of XPS,
these results are indicating that the nickel species reducing at
the lowest temperature range must be located in the outer
surface of the supports. Therefore, once again, the main peak
centered at 660 °C corresponds in these cases to the reduction
of nickel species conﬁned in the mesoporous surface, channels
and open mesoporosity, respectively.
In summary, these results so far presented allowed us to
assign each TPR contribution to diﬀerent kinds of oxidized
nickel phases located in diﬀerent positions in the four catalysts
prepared with the SBA-15 and SiO2 mesoporous supports.
3.3. Catalytic Studies. The four catalytic systems were
tested in the dry reforming reaction of methane (DRM). As
shown in Figure 12, the catalytic performances diﬀer drastically
depending on the support and the preparation method. It is
worth pointing out the excellent performance, both in activity
and stability, of Ni/SBA-15-DP after 40 h under these harsh
reaction conditions (undiluted mixture of methane and CO2).
It can be observed that also the H2/CO ratio around 0.9 is
constant during the whole period. The two ImU samples
supported on SBA-15 and SiO2 showed a similar behavior, with
a relatively high initial activity (35−45% methane conversion)
and a high deactivation rate, reachingafter 40 hmethane
conversion values of 20−25%. At the same time, the H2/CO
ratios are extremely low, especially in the Ni/SiO2-ImU sample
with a value of H2/CO of 0.3 after 40 h of TOS. This indicates
an important contribution of the reverse WGSR (CO2 + H2 ⇌
CO + H2O), which increases the production of CO, decreasing
Figure 11. XPS spectra of nickel-based systems submitted to the indicated in situ treatments.
Figure 12. (left) CH4 conversion in the reaction of DRM at 750 °C using a mix of CH4:CO2 [1:1] with 80 mL/min as a total ﬂow. (right) [H2]/
[CO] ratio and H2 selectivity.
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the amount of hydrogen as product. Finally, the Ni/SiO2-DP
presented a mixed behavior, with initial values similar to Ni/
SBA-15-DP but quickly declining to conversion values close to
those of the ImU catalysts. Interestingly, also the H2/CO ratio,
related to the RWGS reaction, evolves during reaction in this
catalyst. Considering that, as will be shown below, the nickel
particle size of this catalyst increases during reaction, these
ﬁndings seem to indicate that in our catalyst large particle sizes
favor this RWGS reaction.
After 40 h under reaction conditions, the catalyst presented
the appearance shown in the TEM images of Figure 13. Nickel
particles have clearly increased their sizes in all catalysts with
the exception of the Ni/SBA-15-DP catalyst. This size stability,
which should be related to the nickel particles conﬁnement in
the mesoporous channels of the SBA-15 support, must account
for the noticeable stability in the catalytic performance. It is also
worth mentioning that the bimodal catalytic behavior of Ni/
SiO2-DP can be explained considering that this catalyst
contains initially small nickel particles similar to those detected
in the Ni/SBA-15-DP. During reaction, the size of these
particles increases, now presenting a lower catalytic perform-
ance. It is also relevant to remark that no carbon deposits could
be observed in the image of Ni/SiO2-ImU, which will be
conﬁrmed by the TG/DSC included below.
Thus, Figure 14 includes the results from thermogravimetric
analysis (TG) and diﬀerential scanning calorimetry (DSC). As
shown, the Ni/SBA-15-ImU catalyst contains a higher amount
of carbon than the DP which according to the TG/DSC must
correspond to a graphitic coke more diﬃcult to oxidize.49−52
The Ni/SBA-15-DP presents a lesser amount of coke and a
lower combustion temperature. On the other hand, the
analogous Ni/SiO2 samples present much less carbon,
especially the impregnated one, which does not present carbon
deposits at all. This surprising behavior could be explained
considering two diﬀerent facts. First of all, this sample has a low
Figure 13. TEM images of Ni/SBA-15 DP (a), Ni/SiO2 DP (b), Ni/SBA-15 ImU (c), and Ni/SiO2 ImU (d) after DRM test.
Figure 14. TG and DSC analysis performed in air ﬂow for the catalytic
systems after 40 h in DRM.
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methane conversion level, which implies that a lesser amount of
methane has been transformed. The second factor could be the
high activity of this sample in the RWGS reaction. As shown in
Figure 12, the value of H2/CO = 0.3 implies that an amount of
water is also generated, which could contribute to the
elimination of carbon through the steam reforming reaction
of these carbon deposits. Also, the quantiﬁcation of carbon
deposits in relation with the total volume of methane converted
during the 40 h period is especially relevant. This amount
(Figure 14) is an order of magnitude smaller in both DP
catalysts which, together with the less harmful nature of its coke
in the SBA-15 supported one, can explain the extremely stable
catalytic behavior of this catalyst, standing out from the other
studied catalysts.
4. CONCLUSIONS
In this work, we have characterized a number of nickel catalysts
using two diﬀerent preparation methods and two diﬀerent
mesoporous supports, namely, a SBA-15 and a high surface
mesoporous SiO2.
All results together, it has been concluded that the formation
of a nickel silicate phase conﬁned in the inner surface of a
mesoporous SBA-15 support gives rise after reduction to well-
dispersed metallic nickel particles in strong interaction with the
support. This inner nickel phase has been unambiguously
identiﬁed by the combination of a number of techniques,
especially in situ XPS and XAS, able to detect, respectively,
species exclusively located at the surface and at the bulk of the
supports. The interaction generated in this Ni/SBA-15-DP
system between the nickel particles and the mesoporous
channels of the SBA-15 support ensures a stable catalytic
performance under the harsh reaction conditions of DRM, with
no evident signs of sintering and a lower amount of coke
deposits than the analogous ImU catalyst. These conclusions
are also reinforced considering the parallel evolution of catalytic
performance and nickel particle size of the Ni/SiO2-DP catalyst
during reaction: these are similar to the analogous SBA-15
catalyst during the initial stage of reaction, reaching after 40 h
under DRM reaction a size and catalytic behavior closer to that
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(18) Pereñiguez, R.; Gonzalez-Delacruz, V. M.; Holgado, J. P.;
Caballero, A. Synthesis and Characterization of a LaNiO3 Perovskite as
Precursor for Methane Reforming Reactions Catalysts. Appl. Catal., B
2010, 93, 346−353.
(19) Zhu, J. Q.; Peng, X. X.; Yao, L.; Shen, J.; Tong, D. M.; Hu, C.
W. The Promoting Effect of La, Mg, Co And Zn on the Activity and
Stability of Ni/SiO2 Catalyst for CO2 Reforming of Methane. Int. J.
Hydrogen Energy 2011, 36, 7094−7104.
(20) Chen, D.; Lodeng, R.; Anundskas, A.; Olsvik, O.; Holmen, A.
Deactivation During Carbon Dioxide Reforming of Methane over Ni
Catalyst: Microkinetic Analysis. Chem. Eng. Sci. 2001, 56, 1371−1379.
The Journal of Physical Chemistry B Article
DOI: 10.1021/acs.jpcb.7b03835
J. Phys. Chem. B XXXX, XXX, XXX−XXX
J
(21) Oemar, U.; Kathiraser, Y.; Mo, L.; Ho, X.; Kawi, S. CO2
Reforming of Methane over Highly Active La-Promoted Ni Supported
on SBA-15 Catalysts: Mechanism and Kinetic Modelling. Catal. Sci.
Technol. 2016, 6, 1173−1186.
(22) Liu, J.; Peng, H.; Liu, W.; Xu, X.; Wang, X.; Li, C.; Zhou, W.;
Yuan, P.; Chen, X.; Zhang, W. Tin Modification on Ni/Al2O3:
Designing Potent Coke-Resistant Catalysts for the Dry Reforming of
Methane. ChemCatChem 2014, 6, 2095−2104.
(23) Smolakova, L.; Kout, M.; Capek, L.; Rodriguez-Gomez, A.;
Gonzalez-Delacruz, V. M.; Hromadko, L.; Caballero, A. Nickel
Catalyst with Outstanding Activity in the DRM Reaction Prepared
by High Temperature Calcination Treatment. Int. J. Hydrogen Energy
2016, 41, 8459−8469.
(24) Theofanidis, S. A.; Galvita, V. V.; Poelman, H.; Marin, G. B.
Enhanced Carbon-Resistant Dry Reforming Fe-Ni Catalyst: Role of
Fe. ACS Catal. 2015, 5, 3028−3039.
(25) Elsayed, N. H.; Roberts, N. R.; Joseph, B.; Kuhn, J. N. Low
Temperature Dry Reforming of Methane over Pt−Ni−Mg/Ceria−
Zirconia Catalysts. Appl. Catal., B 2015, 179, 213−219.
(26) Tao, M.; Xin, Z.; Meng, X.; Lv, Y.; Bian, Z. Impact of Double-
Solvent Impregnation on the Ni Dispersion of Ni/SBA-15 Catalysts
and Catalytic Performance for the Syngas Methanation Reaction. RSC
Adv. 2016, 6, 35875.
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methane conversion level, which implies that a lesser amount of
methane has been transformed. The second factor could be the
high activity of this sample in the RWGS reaction. As shown in
Figure 12, the value of H2/CO = 0.3 implies that an amount of
water is also generated, which could contribute to the
elimination of carbon through the steam reforming reaction
of these carbon deposits. Also, the quantiﬁcation of carbon
deposits in relation with the total volume of methane converted
during the 40 h period is especially relevant. This amount
(Figure 14) is an order of magnitude smaller in both DP
catalysts which, together with the less harmful nature of its coke
in the SBA-15 supported one, can explain the extremely stable
catalytic behavior of this catalyst, standing out from the other
studied catalysts.
4. CONCLUSIONS
In this work, we have characterized a number of nickel catalysts
using two diﬀerent preparation methods and two diﬀerent
mesoporous supports, namely, a SBA-15 and a high surface
mesoporous SiO2.
All results together, it has been concluded that the formation
of a nickel silicate phase conﬁned in the inner surface of a
mesoporous SBA-15 support gives rise after reduction to well-
dispersed metallic nickel particles in strong interaction with the
support. This inner nickel phase has been unambiguously
identiﬁed by the combination of a number of techniques,
especially in situ XPS and XAS, able to detect, respectively,
species exclusively located at the surface and at the bulk of the
supports. The interaction generated in this Ni/SBA-15-DP
system between the nickel particles and the mesoporous
channels of the SBA-15 support ensures a stable catalytic
performance under the harsh reaction conditions of DRM, with
no evident signs of sintering and a lower amount of coke
deposits than the analogous ImU catalyst. These conclusions
are also reinforced considering the parallel evolution of catalytic
performance and nickel particle size of the Ni/SiO2-DP catalyst
during reaction: these are similar to the analogous SBA-15
catalyst during the initial stage of reaction, reaching after 40 h
under DRM reaction a size and catalytic behavior closer to that
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a b s t r a c t
Three mono and bimetallic NixCo1−x/SBA-15 catalysts (x=1, 0.5 and 0) with a total metallic content of
10wt%have beenprepared by a deposition–precipitation (DP)method. The catalytic performances on the
dry reforming of methane reaction (DRM) have been determined and correlated with their physical and
chemical state before and after the catalytic reaction. So, while the nickel monometallic system presents
a high activity and stability in the DRM reaction, the Co/SBA-15 catalytic system turns out completely
inactive. For its part, the Ni0.5Co0.5/SBA-15 has initially a catalytic performance similar to the Ni/SBA-
15 monometallic system, but rapidly evolving to an inactive system, therefore resembling the behavior
of the cobalt-based catalyst. The characterization by TEM and in situ XPS techniques has allowed us
to ascribe these differences to the initial state of metallic particles after reduction and their different
evolution under reaction conditions. So, while after reduction both nickel containing NixCo1−x/SBA-15
catalysts (x=1 and 0.5) present a well dispersed metallic phase, the cobalt monometallic catalyst yields
big metallic particles with a heterogeneous distribution of sizes. Additionally, unlike the Ni/SBA-15, the
NiCo/SBA-15 system increases during reaction the metallic particle sizes.
Besides indicating that the particle size is amajor reason determining the catalytic performances, these
results suggest that in the Ni–Co system both metals form after reduction a bimetallic phase mainly
located inside the mesoporous channels of SBA-15 support. Under DRM reaction conditions, the cobalt
is segregated to the surface of the bimetallic particles, which seems to determine the interaction with
the support surface SBA-15. This feature gives rise to a much less stable metallic phase which suffers an
important sintering process under DRM catalytic conditions.
© 2017 Elsevier B.V. All rights reserved.
1. Introduction
Supported nickel catalytic systems are currently one of the
most important industrial heterogeneous catalysts because its
remarkable performance in a number of economically strategic
processes [1–5]. Among them, the steam reforming of methane
(SRM, CH4 +H2O↔3H2 +CO) can be outlined as themain industrial
process for obtaining hydrogen and synthesis gas, used to syn-
thesize various important chemicals and fuels [6–9]. Although it
is not yet commercially exploited, the dry reforming of methane
(DRM, CH4 +CO2↔2H2 +2CO) is an especially interesting reac-
tion that transforms two of the most harmful greenhouse gases,
methane and carbon dioxide, into a mixture of hydrogen and car-
bonmonoxide [10–12]. Once again, Ni-based catalysts are themost
∗ Corresponding author.
E-mail address: caballero@us.es (A. Caballero).
widely tested in the literature for this reforming reaction, even
though noble metal based catalysts such as Pt, Ru and Rh are much
more performance towardmethane conversion. The principal issue
comes from the fact that Ni typically undergoes severe deactivation
processes, mainly due to coke formation, but also due to sinter-
ing of the metallic phase, generating big metallic particles which
at the same time, favors the coke formation processes [13–17]. As
an alternative to overcome these issues, a number of publications
have shown as the use of bimetallic systems, as the combination of
nickel and cobalt modiﬁed the catalytic performance in steam and
dry reforming of methane [18–23]. But, depending on the support
or the preparation methods both effects, improvements and wors-
eningof theefﬁciency,havebeenreported.Main reasonsexplaining
these contradictory ﬁndings are probably related with differences
in the interaction of metals with support surface, which has been
recognized as an essential factor affecting the stability of metal
[24–26]. So, a strategy to avoid the growth of metallic particles is
the use of special supports, and in particular mesoporous supports.
http://dx.doi.org/10.1016/j.cattod.2017.02.020
0920-5861/© 2017 Elsevier B.V. All rights reserved.
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These supports typically have high surface area and a tailored size
of the porosity, which can be used to control the size of themetallic
particles [27–29].
In this work we have prepared three catalysts containing
nickel and/or cobalt supported on the mesoporous silica SBA-15.
The catalytic systems, with a total metal loading of 10wt%, has
been prepared by means of a deposition–precipitation method
(NixCo1−x/SBA-15 catalysts, x=1, 0.5 and 0). As the catalytic behav-
ior of these systems are pretty different, we have characterized the
catalytic systems after hydrogen reduction and after dry reform-
ing reaction conditions using among others, in situ XPS and TEM.
The obtained results have allowed us to correlate the catalytic
performances with both, the initial state of metallic phases after
reduction, and the ﬁnal state of these metallic particles after DRM
reaction. The interaction of the metallic phase with the SBA-15
inner surface appears as a major factor determining the catalytic
stability of these NixCo1−x/SBA-15 catalysts.
2. Experimental
2.1. Catalysts preparation
The mesoporous silica SBA-15 used as support was prepared
according to a method previously described in the literature
[30,31]. Summarizing, 18 g of P123 was dissolved in 270mL of
distilled water and afterwards a solution of 675mL of HCl 2.5M
was added and heated up to 50 ◦C. Next, an amount of TEOS was
added and kept at 50 ◦C for 18h. The product obtainedwas ﬁltered,
washed with boiling distilled water, dried under vacuum at 70 ◦C
and calcined on for 3h at 550 ◦C.
The cobalt and nickel metal phases were supported on SBA-15
by a deposition–precipitation method (DP) using urea as a pre-
cipitant agent according to the method described by Liu et al.
[32]. 1 g of calcined SBA-15 was dispersed in HNO3 0.01M with
the required amount of metal precursors Ni(NO3)2·6H2O and/or
Co(NO3)3·6H2O. On stirring, an amount of urea was added and the
temperature increased up to 105 ◦C. After 2h, the mix was cooled
down to room temperature and the powder ﬁltered and dried at
110 ◦C for 24h. Finally, it was submitted to a calcination treatment
on air at 550 ◦C. The resulting products were labeled as 10%Ni/SBA-
15, 10%Co/SBA-15 and 5%Ni–5%Co/SBA-15. In order to clarify the
effect of thepreparation treatment, a similar procedurewas accom-
plished without metals addition, and the sample was labeled as
SBA-15-DP.
2.2. X-ray diffraction (XRD)
The XRD analysis of calcined and reduced samples were
recorded in a PANalytical X-Pert PRO diffractometer with a Cu
source (=1.5418 A˚, Cu K), working in a Bragg-Brentano conﬁg-
uration and equipped with an X’Celerator Detector (active range
of 2 =2.18◦). The data acquisition was carry out in a 2 range of
10–80◦, a step of 0.05◦ and an acquisition time of 240 s.
2.3. Temperature programmed reduction (TPR)
The temperature-programmed reduction proﬁles were
obtained using a thermal conductivity detector based in a
Wheatstone bridge. The hydrogen consumption was previously
calibrated using commercial CuO. A 5% H2/Ar calibrated mix was
used as both carrier and reference gas, with a typical ﬂow rate of
50 mLmin−1. Following the recommendation to avoid peak coa-
lescence [33], the experimental conditions were chosen to assure
a total hydrogen consumption of approximately 100mol of H2.
Typically, the experiment was carried out from room temperature
up to 1000 ◦C using a heating ramp of 10 ◦Cmin−1.
2.4. Transmission electronic microscopy (TEM)
TEM imageswere obtained in a Philips CM200microscope oper-
ating at 200kV. Samples were dispersed on ethanol and deposited
onto a copper grid coated with a lacey carbon ﬁlm. Histograms for
particle size distribution were obtained by sampling around 150
particles.
2.5. X-ray absorption spectroscopy (XAS)
XAS (EXAFS and XANES regions) were recorded at the BL22
beamline (CLAESS) of ALBA synchrotron and the BM25A beam-
line (SPLINE) of ESRF synchrotron facilities. The required amount of
sample to maximize the signal/noise ratio was pelletized and XAS
spectra collected at RT after calcination. Standards Ni and Co foils
weremeasured and used for energy calibration. The XAS spectra of
Ni K-edge and Co K-edgewere recorded for a 1000eV interval, with
a step of 0.5 eV step across the XANES region. Once extracted from
the XAS spectra, the EXAFS oscillations were Fourier transformed
(F.T.) in the range 2.4–11.0 A˚−1. Spectra were analyzed using the
software package IFEFFIT [34].
2.6. X-ray photoelectron spectroscopy (XPS)
XPS experiments were carried out in a VG-ESCALAB 210
equipment over pelletized samples. Samples were introduced
in a pre-chamber at 10−7 Torr. Acquisition was performed in
an appendant analysis chamber equipped with a SPECS Phoibos
100 hemispheric analyzer at 10−9 Torr using Mg K radiation
(E=1.5418keV) with 20mA of anode current and 12kV of poten-
tial acceleration. Before acquisition, each samplewas treated in situ
at different temperatures (RT, 350, 500 and 750 ◦C) in a ﬂow of 5%
H2/Ar at atmospheric pressure using a cell chamber attached to the
abovementioned pre-chamber.
2.7. Catalytic activity tests
Dry reforming of methane (DRM) tests were performed using
20mg of catalyst held in a tubular quartz reactor through wool
quartz. The catalytic systemswerepre-treated in 5%H2/Ar at 750 ◦C
for 1hwith a heating rampof 10 ◦Cmin−1. Reactionwas carried out
with a not dilutedmix (1:1) of 40mLmin−1 of CH4 and40mLmin−1
of CO2 at 750 ◦C during 42h. Reaction products were analyzed by
GC using an Agilent’s 490 microGC equipped with three micro-
columns and TCD detectors.
3. Results and discussion
3.1. Characterization of fresh calcined systems
The three catalytic systems were characterized by N2 adsorp-
tion analysis (BET, BJH), XRD, TEM, TPR, XAS and XPS. As expected
for mesoporous materials, all samples exhibited type-IV adsorp-
tion isotherms. However, as reﬂected in Table 1, they undergo a
signiﬁcant change in BET surface area and mean porous size as
a consequence of the alkaline treatment during the DP prepara-
tionmethodology. Every sample, including a blank SBA-15 support
submitted to theDP treatmentwithoutmetal salts in solution (SBA-
15-DP), suffers a decrease in surface area of around 65%, from
738m2 g−1 of the pristine SBA-15 to 250–280m2 g−1. Simultane-
ously, the smaller porosity collapses (mean size increasing from6.7
to 10–12nm). Despite this loss of surface area, the analysis by TEM
(Fig. 1) shows that the channeled structure of the SBA-15 support
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SBA-15 738 6.7 – –
SBA-15-DP 249 9.1 –
10% Ni/SBA-15 283/242 10.3/10.1 5.7/4.1 4.3/4.8
5–5% Ni–Co/SBA-15 261/232 12.0/11.1 7.0/4.5 5.9/7.7
10% Co/SBA-15 280/220 11.9/11.0 5.1/13.2 14.4/13.9
a Obtained by the BJH method.
b Calculated from the Scherrer equation for reduced samples.
c Obtained by sampling 150 particles.
Fig. 1. TEM images for calcined 10% Ni/SBA-15 (a), 5%–5% Ni–5% Co/SBA-15 (b) and 10% Co/SBA-15 (c).
Fig. 2. XRD patterns of catalytic systems calcined (a) and treated in 5% H2/Ar at 750 ◦C (b).
is preserved [35]. The calcined NixCo1−x/SBA-15 catalysts present
the characteristic “ﬁbrous” structures of phyllosilicate phases, pre-
viously found in similar systems [36–40]. The ascription of these
ﬁbrous shapes to phyllosilicate is conﬁrmed by the XRD diagrams
included in Fig. 2a. According to the database and previous works
[38], the wide peaks appearing around 35◦ and 61◦ correspond
to nickel and/or cobalt silicate hydroxide. In no case, peaks from
Ni or Co oxides phases could be detected. It is worthy to note
the intermediate position at about 60.5◦ observed for the bimetal-
lic Ni0.5Co0.5/SBA-15 catalysts, which can be an indication of the
formation of a bimetallic nickel cobalt phyllosilicate phase. The for-
mation of these silicates in the calcined samples is also conﬁrmed
by XAS spectroscopy. The XANES spectrum and Fourier Transforms
of EXAFS regions included in Fig. 3 clearly differ from those of
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for mesoporous materials, all samples exhibited type-IV adsorp-
tion isotherms. However, as reﬂected in Table 1, they undergo a
signiﬁcant change in BET surface area and mean porous size as
a consequence of the alkaline treatment during the DP prepara-
tionmethodology. Every sample, including a blank SBA-15 support
submitted to theDP treatmentwithoutmetal salts in solution (SBA-
15-DP), suffers a decrease in surface area of around 65%, from
738m2 g−1 of the pristine SBA-15 to 250–280m2 g−1. Simultane-
ously, the smaller porosity collapses (mean size increasing from6.7
to 10–12nm). Despite this loss of surface area, the analysis by TEM
(Fig. 1) shows that the channeled structure of the SBA-15 support
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Table 1









SBA-15 738 6.7 – –
SBA-15-DP 249 9.1 –
10% Ni/SBA-15 283/242 10.3/10.1 5.7/4.1 4.3/4.8
5–5% Ni–Co/SBA-15 261/232 12.0/11.1 7.0/4.5 5.9/7.7
10% Co/SBA-15 280/220 11.9/11.0 5.1/13.2 14.4/13.9
a Obtained by the BJH method.
b Calculated from the Scherrer equation for reduced samples.
c Obtained by sampling 150 particles.
Fig. 1. TEM images for calcined 10% Ni/SBA-15 (a), 5%–5% Ni–5% Co/SBA-15 (b) and 10% Co/SBA-15 (c).
Fig. 2. XRD patterns of catalytic systems calcined (a) and treated in 5% H2/Ar at 750 ◦C (b).
is preserved [35]. The calcined NixCo1−x/SBA-15 catalysts present
the characteristic “ﬁbrous” structures of phyllosilicate phases, pre-
viously found in similar systems [36–40]. The ascription of these
ﬁbrous shapes to phyllosilicate is conﬁrmed by the XRD diagrams
included in Fig. 2a. According to the database and previous works
[38], the wide peaks appearing around 35◦ and 61◦ correspond
to nickel and/or cobalt silicate hydroxide. In no case, peaks from
Ni or Co oxides phases could be detected. It is worthy to note
the intermediate position at about 60.5◦ observed for the bimetal-
lic Ni0.5Co0.5/SBA-15 catalysts, which can be an indication of the
formation of a bimetallic nickel cobalt phyllosilicate phase. The for-
mation of these silicates in the calcined samples is also conﬁrmed
by XAS spectroscopy. The XANES spectrum and Fourier Transforms
of EXAFS regions included in Fig. 3 clearly differ from those of
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Fig. 3. XANES spectra (left) and Fourier Transform functions of the EXAFS oscillations (right) of Ni K-edge (a) and Co K-edge (b) of calcined systems.
Fig. 4. TPR proﬁles of the nickel and cobalt catalytic systems.
typical nickel and cobalt oxides, and resemble those previously
identiﬁed as silicates [3,41,42].
3.2. Characterization of reduced catalytic systems
Fig. 2 also includes the diffraction patterns of the three
NixCo1−x/SBA-15 catalysts after a reduction treatment in hydro-
gen at 750 ◦C. In all cases, the diagrams show new diffraction peaks
around 44.5◦ and 52◦ that can be ascribed to reduced nickel and/or
cobalt phases. As detailed in Fig. 2b, the position and intensity
of peak around 44–45◦ corresponding to (111) reﬂection of the
cubic Ni and/or Co phases, slightly differs between samples: 44.3◦
for reduced Co/SBA-15, 44.6◦ for Ni/SBA-15, and an intermediate
value for the NiCo/SBA-15 catalyst, which once again suggests the
formation of a Ni–Co bimetallic phase. The TPR proﬁles included
in Fig. 4 show also interesting differences between the reduction
processes of the three catalytic systems. The Ni/SBA-15 sample
presents a main peak centered at 660 ◦C, previously assigned to a
nickel phyllosilicate phase [40,41], with a small shoulder at lower
temperature, around400 ◦C. According toprevious results obtained
by our group, these two reduction features can be respectively
ascribed to the reduction of oxidized nickel located inside and out-
side the mesoporous channels of SBA-15 support [40]. For its part,
the bimetallic NiCo/SBA-15 catalyst presents a similar proﬁle, but
shifted to higher temperature (peaks maximum at 700 and 500 ◦C,
respectively). These similitudes suggest that also in this system
the metals could be located both in the inner and outer surface
of support. The formation of a bimetallic silicate with a stronger
interactionwith the support can explain the higher reduction tem-
perature observed by TPR. Finally, as expected [43], the Co/SBA-15
catalyst reduces at higher temperature, presenting at least two
peaks centered at 750 and 850 ◦C.
The metallic particles obtained after the reduction treatment
can be visualized in Fig. 5. Both nickel containing samples,
Ni/SBA-15 (Fig. 5a) and NiCo/SBA-15 (Fig. 5b) generate small and
homogeneous nickel particles of about 4–6nm (Table 1), slightly
bigger for thebimetallic catalyst. Fromthevisual inspectionof these
two TEM images, it is evident that many metal particles appear
aligned with the mesoporous channels of support, once again sug-
gesting that they could be located inside the mesoporous [40]. On
the contrary, the TEM image of Co/SBA-15 (Fig. 5c) shows bigger
heterogeneous particles with a mean diameter around 13–15nm
(Table 1), necessarily located outside the mesopores of support.
Additionally, the image shows the presence of much smaller parti-
cles.
The reduction processes of these three SBA-15 supported cata-
lysts have been studied bymeans of in situ XPS spectroscopy under
a hydrogen atmosphere at 350, 500 and 750 ◦C. Fig. 6 includes the
XPS obtained for the monometallic Ni/SBA-15 (Ni 2p region) and
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Fig. 5. TEM images and particle size histograms of 10% Ni/SBA-15 (a), 5%–5% Ni–5% Co/SBA-15 (b) and 10% Co/SBA-15 (c), reduced in H2 at 750 ◦C.
Fig. 6. XPS spectra for calcined and in situ reduced 10% Co/SBA-15 (a) and 10% Ni/SBA-15 (b).
Fig. 7. XPS spectra for calcined and in situ reduced 5%–5% Ni–5% Co/SBA-15.
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Fig. 3. XANES spectra (left) and Fourier Transform functions of the EXAFS oscillations (right) of Ni K-edge (a) and Co K-edge (b) of calcined systems.
Fig. 4. TPR proﬁles of the nickel and cobalt catalytic systems.
typical nickel and cobalt oxides, and resemble those previously
identiﬁed as silicates [3,41,42].
3.2. Characterization of reduced catalytic systems
Fig. 2 also includes the diffraction patterns of the three
NixCo1−x/SBA-15 catalysts after a reduction treatment in hydro-
gen at 750 ◦C. In all cases, the diagrams show new diffraction peaks
around 44.5◦ and 52◦ that can be ascribed to reduced nickel and/or
cobalt phases. As detailed in Fig. 2b, the position and intensity
of peak around 44–45◦ corresponding to (111) reﬂection of the
cubic Ni and/or Co phases, slightly differs between samples: 44.3◦
for reduced Co/SBA-15, 44.6◦ for Ni/SBA-15, and an intermediate
value for the NiCo/SBA-15 catalyst, which once again suggests the
formation of a Ni–Co bimetallic phase. The TPR proﬁles included
in Fig. 4 show also interesting differences between the reduction
processes of the three catalytic systems. The Ni/SBA-15 sample
presents a main peak centered at 660 ◦C, previously assigned to a
nickel phyllosilicate phase [40,41], with a small shoulder at lower
temperature, around400 ◦C. According toprevious results obtained
by our group, these two reduction features can be respectively
ascribed to the reduction of oxidized nickel located inside and out-
side the mesoporous channels of SBA-15 support [40]. For its part,
the bimetallic NiCo/SBA-15 catalyst presents a similar proﬁle, but
shifted to higher temperature (peaks maximum at 700 and 500 ◦C,
respectively). These similitudes suggest that also in this system
the metals could be located both in the inner and outer surface
of support. The formation of a bimetallic silicate with a stronger
interactionwith the support can explain the higher reduction tem-
perature observed by TPR. Finally, as expected [43], the Co/SBA-15
catalyst reduces at higher temperature, presenting at least two
peaks centered at 750 and 850 ◦C.
The metallic particles obtained after the reduction treatment
can be visualized in Fig. 5. Both nickel containing samples,
Ni/SBA-15 (Fig. 5a) and NiCo/SBA-15 (Fig. 5b) generate small and
homogeneous nickel particles of about 4–6nm (Table 1), slightly
bigger for thebimetallic catalyst. Fromthevisual inspectionof these
two TEM images, it is evident that many metal particles appear
aligned with the mesoporous channels of support, once again sug-
gesting that they could be located inside the mesoporous [40]. On
the contrary, the TEM image of Co/SBA-15 (Fig. 5c) shows bigger
heterogeneous particles with a mean diameter around 13–15nm
(Table 1), necessarily located outside the mesopores of support.
Additionally, the image shows the presence of much smaller parti-
cles.
The reduction processes of these three SBA-15 supported cata-
lysts have been studied bymeans of in situ XPS spectroscopy under
a hydrogen atmosphere at 350, 500 and 750 ◦C. Fig. 6 includes the
XPS obtained for the monometallic Ni/SBA-15 (Ni 2p region) and
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Fig. 5. TEM images and particle size histograms of 10% Ni/SBA-15 (a), 5%–5% Ni–5% Co/SBA-15 (b) and 10% Co/SBA-15 (c), reduced in H2 at 750 ◦C.
Fig. 6. XPS spectra for calcined and in situ reduced 10% Co/SBA-15 (a) and 10% Ni/SBA-15 (b).
Fig. 7. XPS spectra for calcined and in situ reduced 5%–5% Ni–5% Co/SBA-15.
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Co/SBA-15 (Co 2p region), while the Fig. 7 gathers the respective
regions of the bimetallic NiCo/SBA-15 catalysts (Ni 2p and Co 2p
regions). In all cases, the reduction treatment at 350 ◦C does not
provoke noticeable changes while the use of the higher reduc-
tion temperature (750 ◦C) gives rise in all catalysts to well reduced
metallic nickel and cobalt phases. However, interesting differences
of behavior can be observed after reduction in hydrogen at 500 ◦C.
At this temperature nickel appears completely reduced in Ni/SBA-
15 andNiCo/SBA-15 catalysts. As the TPR proﬁles in Fig. 4 indicated
that after this treatmentmost of metal should remain oxidized, the
undetected oxidized nickel must be located inside themesoporous
channels inboth catalysts,whichare invisible forXPS, a surface sen-
sitive technique. So, as found previously for different preparation
methods [40], the deposition–precipitation methodology seems
to favor the conﬁnement of nickel inside the porous of SBA-15.
Regarding the state of cobalt, in the monometallic Co/SBA-15 cat-
alysts it remains basically unreduced after hydrogen treatment at
500 ◦C, as can be expected from the TPR of Fig. 4. However, from the
Co 2p XPS signal, it can be estimated that a small fraction of about
10% is reduced to the metallic state. Taking into account that XPS
only detects the metal located in the external surface of SBA-15,
the reduced fraction at 500 ◦C must be located in the outer surface
of SBA-15. More interesting is the fact that cobalt is much more
reducible in the bimetallic NiCo/SBA-15 catalyst. A similar estima-
tion of Co 2p XPS signal of Fig. 7, allows estimating that around
65% of cobalt is reduced to the metallic state at 500 ◦C. According
to TPR in Fig. 4, only the shoulder at low temperature is affected
by this treatment at 500 ◦C, which represents less than 5% of total
cobalt content. Once again, considering the surface sensitivity of
XPS, it can be concluded that in the bimetallic NiCo/SBA-15 cata-
lyst most of the cobalt particles must be located into the channels
of the SBA-15 support, which remain oxidized but are invisible for
XPS.
Fig. 8. CH4 and CO2 conversions in the reaction of DRM at 750 ◦C of the nickel and
cobalt catalytic systems.
3.3. Catalytic studies
The catalytic activity of the three catalytic systems was stud-
ied under dry reforming reaction of methane (DRM) conditions. As
depicted in Fig. 8, the catalytic performances are completely differ-
ent depending on the metals presented in the catalysts. Face to the
outstanding activity and stability of Ni/SBA-15,whichmaintains its
catalyticpropertiesduring the48hperiodofDRMreaction,Co/SBA-
15 is completely inactivewith absolutely no conversion ofmethane
from the very beginning of reaction.
In a certainway, the bimetallic NiCo/SBA-15 presents a dual cat-
alytic behavior. The initial activity is not much less than half of the
initial Ni/SBA-15 activity (30% vs. 73% conversion of methane), as
could be expected considering the relative nickel content of these
two catalysts (10% and 5%, respectively) and the slightly higher
particle size in the bimetallic NiCo/SBA-15 catalyst after reduction
(Fig. 5). But the bimetallic system loses completely the activity after
Fig. 9. TEM images and particle size histograms of 10% Ni/SBA-15 (a), 5%–5% Ni–5% Co/SBA-15 (b) and 10% Co/SBA-15 (c), after DRM reaction at 750 ◦C.
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5h on stream, resembling now the catalytic behavior of Co/SBA-15
monometallic catalyst.
After the DRM reaction, the catalysts present the appearance
showed in the TEM images of Fig. 9. The metallic particles essen-
tially maintain their size and distribution of the freshly reduced
Ni/SBA-15 (4–6nm) and Co/SBA-15 (13–15nm) catalysts (see
Table 1, Figs. 5a, 5c and 9a, 9c, respectively), which can be related
with the stable catalytic performance of both catalysts over time
(Fig. 8). In particular, the high stability of nickel agrees with that
previously observed by other authors in similar systems [37]. On
the contrary the image in Fig. 9b clearly shows that metallic par-
ticles of bimetallic NiCo/SBA-15 have increased their mean size,
from 6nm of the freshly reduced catalyst to about 8nm after
DRM reaction. Once again this behavior seems to be correlated
with the observed evolution in the catalytic performance, initially
similar to that of monometallic nickel one, and ﬁnally reaching
that of the cobalt monometallic system. This increase in size indi-
cates that the interaction with support of bimetallic NiCo/SBA-15
and monometallic Ni/SBA–15 differs, strong in the monometallic,
which maintains the nickel particle size, and much less intense in
the bimetallic system. This different behavior suggests that after
reduction of the bimetallic catalyst the nickel is responsible for the
interaction with support (which assures tiny metallic particles in
both catalyst), but under reaction conditions cobalt is preferentially
segregated to the surface of bimetallic particles,whichweakens the
interaction with support, favoring the sintering processes.
4. Conclusions
In this work we have studied the state and catalytic per-
formance of three NixCo1−x/SBA-15 catalysts prepared by a
deposition–precipitation method. Combining the physical and
chemical state of these systems with the catalytic behavior, it has
been established a clear correlation between the outstanding cat-
alytic performance of nickel with the strong interaction of 5nm
metallic particles mainly located into the mesoporous channels of
SBA-15, which remain unchanged during the 48h period under
DRM reaction conditions. On the contrary, upon hydrogen reduc-
tion the monometallic cobalt catalyst generates bigger metallic
particles,mainly located on the outer surface of the SBA-15 support
and inactive for DRM reaction.
Interestingly, the bimetallic NiCo/SBA-15 catalyst does not
present an intermediate catalytic performance but a dual behavior.
Presenting an initial catalytic activity similar to that ofmonometal-
lic nickel system, it quickly evolves to an inactive system, as is the
case for themonometallic Co/SBA-15. This can be explained accept-
ing that the bimetallic cobalt nickel silicate formed after calcination
mostlybehavesas themonometallicnickel silicate, in the sense that
it is mainly placed in the inner porous surface of the SBA-15 sup-
port,which yields after reduction small bimetallic particles into the
mesoporous channels. However, it sinters during reaction show-
ing that, unlike the nickel monometallic system, these bimetallic
particles present a weak interaction with the SBA-15 support, and
consequently, this interaction is mainly determined by cobalt. As
a general conclusion, these ﬁndings suggest that cobalt should be
segregated to the surface of these bimetallic entities, which inter-
actweaklywith the support, increasing their particle size under the
harsh conditions of DRM reaction.
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Co/SBA-15 (Co 2p region), while the Fig. 7 gathers the respective
regions of the bimetallic NiCo/SBA-15 catalysts (Ni 2p and Co 2p
regions). In all cases, the reduction treatment at 350 ◦C does not
provoke noticeable changes while the use of the higher reduc-
tion temperature (750 ◦C) gives rise in all catalysts to well reduced
metallic nickel and cobalt phases. However, interesting differences
of behavior can be observed after reduction in hydrogen at 500 ◦C.
At this temperature nickel appears completely reduced in Ni/SBA-
15 andNiCo/SBA-15 catalysts. As the TPR proﬁles in Fig. 4 indicated
that after this treatmentmost of metal should remain oxidized, the
undetected oxidized nickel must be located inside themesoporous
channels inboth catalysts,whichare invisible forXPS, a surface sen-
sitive technique. So, as found previously for different preparation
methods [40], the deposition–precipitation methodology seems
to favor the conﬁnement of nickel inside the porous of SBA-15.
Regarding the state of cobalt, in the monometallic Co/SBA-15 cat-
alysts it remains basically unreduced after hydrogen treatment at
500 ◦C, as can be expected from the TPR of Fig. 4. However, from the
Co 2p XPS signal, it can be estimated that a small fraction of about
10% is reduced to the metallic state. Taking into account that XPS
only detects the metal located in the external surface of SBA-15,
the reduced fraction at 500 ◦C must be located in the outer surface
of SBA-15. More interesting is the fact that cobalt is much more
reducible in the bimetallic NiCo/SBA-15 catalyst. A similar estima-
tion of Co 2p XPS signal of Fig. 7, allows estimating that around
65% of cobalt is reduced to the metallic state at 500 ◦C. According
to TPR in Fig. 4, only the shoulder at low temperature is affected
by this treatment at 500 ◦C, which represents less than 5% of total
cobalt content. Once again, considering the surface sensitivity of
XPS, it can be concluded that in the bimetallic NiCo/SBA-15 cata-
lyst most of the cobalt particles must be located into the channels
of the SBA-15 support, which remain oxidized but are invisible for
XPS.
Fig. 8. CH4 and CO2 conversions in the reaction of DRM at 750 ◦C of the nickel and
cobalt catalytic systems.
3.3. Catalytic studies
The catalytic activity of the three catalytic systems was stud-
ied under dry reforming reaction of methane (DRM) conditions. As
depicted in Fig. 8, the catalytic performances are completely differ-
ent depending on the metals presented in the catalysts. Face to the
outstanding activity and stability of Ni/SBA-15,whichmaintains its
catalyticpropertiesduring the48hperiodofDRMreaction,Co/SBA-
15 is completely inactivewith absolutely no conversion ofmethane
from the very beginning of reaction.
In a certainway, the bimetallic NiCo/SBA-15 presents a dual cat-
alytic behavior. The initial activity is not much less than half of the
initial Ni/SBA-15 activity (30% vs. 73% conversion of methane), as
could be expected considering the relative nickel content of these
two catalysts (10% and 5%, respectively) and the slightly higher
particle size in the bimetallic NiCo/SBA-15 catalyst after reduction
(Fig. 5). But the bimetallic system loses completely the activity after
Fig. 9. TEM images and particle size histograms of 10% Ni/SBA-15 (a), 5%–5% Ni–5% Co/SBA-15 (b) and 10% Co/SBA-15 (c), after DRM reaction at 750 ◦C.
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5h on stream, resembling now the catalytic behavior of Co/SBA-15
monometallic catalyst.
After the DRM reaction, the catalysts present the appearance
showed in the TEM images of Fig. 9. The metallic particles essen-
tially maintain their size and distribution of the freshly reduced
Ni/SBA-15 (4–6nm) and Co/SBA-15 (13–15nm) catalysts (see
Table 1, Figs. 5a, 5c and 9a, 9c, respectively), which can be related
with the stable catalytic performance of both catalysts over time
(Fig. 8). In particular, the high stability of nickel agrees with that
previously observed by other authors in similar systems [37]. On
the contrary the image in Fig. 9b clearly shows that metallic par-
ticles of bimetallic NiCo/SBA-15 have increased their mean size,
from 6nm of the freshly reduced catalyst to about 8nm after
DRM reaction. Once again this behavior seems to be correlated
with the observed evolution in the catalytic performance, initially
similar to that of monometallic nickel one, and ﬁnally reaching
that of the cobalt monometallic system. This increase in size indi-
cates that the interaction with support of bimetallic NiCo/SBA-15
and monometallic Ni/SBA–15 differs, strong in the monometallic,
which maintains the nickel particle size, and much less intense in
the bimetallic system. This different behavior suggests that after
reduction of the bimetallic catalyst the nickel is responsible for the
interaction with support (which assures tiny metallic particles in
both catalyst), but under reaction conditions cobalt is preferentially
segregated to the surface of bimetallic particles,whichweakens the
interaction with support, favoring the sintering processes.
4. Conclusions
In this work we have studied the state and catalytic per-
formance of three NixCo1−x/SBA-15 catalysts prepared by a
deposition–precipitation method. Combining the physical and
chemical state of these systems with the catalytic behavior, it has
been established a clear correlation between the outstanding cat-
alytic performance of nickel with the strong interaction of 5nm
metallic particles mainly located into the mesoporous channels of
SBA-15, which remain unchanged during the 48h period under
DRM reaction conditions. On the contrary, upon hydrogen reduc-
tion the monometallic cobalt catalyst generates bigger metallic
particles,mainly located on the outer surface of the SBA-15 support
and inactive for DRM reaction.
Interestingly, the bimetallic NiCo/SBA-15 catalyst does not
present an intermediate catalytic performance but a dual behavior.
Presenting an initial catalytic activity similar to that ofmonometal-
lic nickel system, it quickly evolves to an inactive system, as is the
case for themonometallic Co/SBA-15. This can be explained accept-
ing that the bimetallic cobalt nickel silicate formed after calcination
mostlybehavesas themonometallicnickel silicate, in the sense that
it is mainly placed in the inner porous surface of the SBA-15 sup-
port,which yields after reduction small bimetallic particles into the
mesoporous channels. However, it sinters during reaction show-
ing that, unlike the nickel monometallic system, these bimetallic
particles present a weak interaction with the SBA-15 support, and
consequently, this interaction is mainly determined by cobalt. As
a general conclusion, these ﬁndings suggest that cobalt should be
segregated to the surface of these bimetallic entities, which inter-
actweaklywith the support, increasing their particle size under the
harsh conditions of DRM reaction.
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ABSTRACT: Two cobalt catalysts, Co/SBA-15 and Co/SiO2, have been studied
in steam reforming of ethanol (SRE). Besides the steam reforming products,
ethoxide dehydrogenation to acetaldehyde is observed as one of the main
reactions. Although by hydrogen treatment cobalt is reduced to the metallic state,
under SRE conditions, a phase appears that has been identiﬁed as cobalt carbide
and correlates with acetaldehyde production. These ﬁndings provide insights
about the catalytic sites, for SRE, in cobalt catalysts. Comparison with previous
results shows that these conclusions are not translatable to other cobalt catalysts,
stressing the importance of the support on the catalytic behavior of cobalt.
KEYWORDS: cobalt catalysts, cobalt carbide, in situ XPS, ethanol steam reforming, acetaldehyde production
The growing interest in reducing the impact of fossil fuels inthe environment has promoted the use of hydrogen as an
energy carrier, even though the current technology for hydrogen
production is not economically competitive.1,2 Currently, most
hydrogen is obtained from steam reforming of methane,
although its production from renewable sources, mainly
bioethanol, has been proposed as a promising route.3,4 In this
way, hydrogen can be obtained by the steam reforming reaction
of ethanol through the catalyzed reaction
+ → +C H OH 3H O 6H 2CO2 5 2 2 2
Although this is the main desired reaction, depending on the
catalyst and reaction conditions, many other side reactions can
occur, yielding diﬀerent undesirable chemicals, such as CO,
methane, or acetaldehyde.5 As in other related reforming
reactions of hydrocarbons, noble metals have been proved to
be high-performance catalysts.6,7 Alternatively, transition metals
as nickel and cobalt deposited on diﬀerent supports arise as good
and less-expensive catalysts for this process.8 In particular, cobalt
has appeared as a high-performance catalytic system, although,
according to the previous literature, activity and selectivity to
desirable and undesirable products are strongly dependent on
factors such as the support or the dispersion state of the metal.9,10
There is a general agreement about the initial formation of an
adsorbed ethoxide group over the cobalt particles in steam
reforming of ethanol (SRE) reaction,11,12 although it is important
to take into account that the chemical state of cobalt under SRE
conditions is still controversial. Thus, while some authors have
identiﬁed oxidized Co2+ as the active catalytic site in SRE, other
references claimed that the active sites are located on metallic
cobalt particles.13,14 The catalytic site for acetaldehyde
production is another point of controversy, as oxidized or
reduced cobalt has been proposed as catalytic sites.14,15Whatever
it is, the Co2+/Co0 ratio is heavily dependent on the support and
the SRE reaction conditions, which adds an additional hindrance
for elucidating the role of the coexisting catalytic sites.5,13
To shed light on this interesting matter, we have prepared two
cobalt catalysts supported on SBA-15 and a high surface SiO2,
which have been characterized under reduction and SRE
conditions. The use of several techniques, especially in situ
XPS under SRE conditions, has allowed us to follow the
evolution of well-reduced cobalt particles to a new cobalt carbide
phase during the treatment with a mixture of ethanol/water at
500 °C. As the amount of carbide phase over these two catalytic
systems correlates with the selectivity to acetaldehyde, it has been
identiﬁed as the catalytic site responsible for the dehydrogen-
ation reaction of the previously adsorbed ethoxide group.
The catalysts were prepared using a high-surface-area SiO2
powder (from Sigma−Aldrich) and a SBA-15 previously
synthesized following the methodology described elsewhere for
a similar nickel-supported system.16 The cobalt was added by
deposition−precipitation (DP) of a cobalt precursor over both
supports. Details about the preparation methods, experimental
techniques, and catalytic reaction used in this contribution are
included in the Supporting Information (SI).
As detailed, the catalytic performances in the SRE reaction
were measured isothermally at 500 °C using an H2O:EtOH ratio
of 3.7. Table 1 shows the results of the SRE catalytic test of both
Co systems. After more than 12 h on stream, the Co/SBA-15
catalyst shows an ethanol conversion of 88.6%, compared to the
Co/SiO2 with only 57.6%. More interesting is the distribution of
products obtained under these reaction conditions. Besides H2,
CO, and CO2 coming from the steam reforming of ethanol, Co/
SiO2 selectivity to acetaldehyde reaches a value of 28.8%, rising to
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catalyst and reaction conditions, many other side reactions can
occur, yielding diﬀerent undesirable chemicals, such as CO,
methane, or acetaldehyde.5 As in other related reforming
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phase during the treatment with a mixture of ethanol/water at
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deposition−precipitation (DP) of a cobalt precursor over both
supports. Details about the preparation methods, experimental
techniques, and catalytic reaction used in this contribution are
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43.5% in Co/SBA-15, which, according to the reaction quoted
below, reveals a high dehydrogenation activity of both supported
catalysts:
→ +C H OH C H O H2 5 2 4 2
Although this catalytic behavior contrasts with that shown on
nickel-supported systems, where, typically, no acetaldehyde is
produced, it has been previously reported that other cobalt-
supported systems present values for acetaldehyde production
from 0 to 50%.15,17 As remarked above, the catalytic properties of
cobalt in the SRE reaction are heavily dependent on multiple
factors, with the support being one of the more important,
aﬀecting variables such as the oxidation state of the metal under
reaction conditions. In addition, it has been previously shown12
that both reaction paths (reforming and dehydrogenation to
acetaldehyde) are antagonistic, with a reverse correlation
between the yields of acetaldehyde and CO2. This behavior
seems to indicate that the catalytic sites of cobalt responsible for
both reactions have diﬀerent natures, with one of them always
increasing at the expense of the other.
In order to elucidate the chemical and physical nature of these
two cobalt catalytic sites responsible for this behavior, we have
accomplished a complete characterization work of these two
cobalt-supported catalytic systems after calcination and hydro-
gen reduction, and under SRE reaction conditions.
After calcination at 550 °C, the XRD diagrams included in
Figure 1 show the formation of a Co3Si2O5(OH)4 and/or
Co3Si4O10(OH)2 phyllosilicate phase
18 characterized by wide
peaks centered at ∼35° and 61°. No peaks from other cobalt-
oxidized phases were detected in the diagrams. The formation of
the silicate is conﬁrmed by X-ray absorption spectroscopy (XAS)
as the Fourier transform (FT) and X-ray absorption near-edge
structure (XANES) spectrum of the calcined Co/SBA-15,
included in Figure 2, clearly diﬀer from those of typical cobalt
oxides, resembling those previously identiﬁed as silicates.19,20
Finally, the TEM images in Figures 3a and 3b also show the
formation of the characteristic ﬁbrous structure of the
phyllosilicate phase.16 According to the XRD diagrams of Figure
1, the characteristic peaks at 44.3° and 52° show that cobalt is
reduced by hydrogen treatment at 750 °C. The XANES and FT
obtained for Co/SBA-15 after reduction at 750 °C (Figure 2)
also indicate the presence of a completely reduced cobalt phase.
A ﬁtting procedure of this FT yields a mean coordination number
for metallic cobalt of 11.0, which is in agreement with the
particles visible in the TEM image in Figure 3c. In that regard,
note that, after hydrogen reduction, the particle sizes are larger in
the SBA-15-supported catalysts (Figures 3c and 3d), which imply
a lower exposed surface area for cobalt. Figure S1 in the SI
includes images and histograms that show these diﬀerences.
Thus, this is a clear indication that, although there are less surface
cobalt sites in Co/SBA-15, they are much more reactive than
cobalt in the SiO2-supported catalyst.
However, themore interesting results have been obtained after
subjecting the cobalt catalysts to SRE reaction conditions at 500
°C. As shown in Figure 1, the XRD diagrams are modiﬁed,
appearing a wide peak at 25° coming from the deposition of
graphite-like deposits on the surface, and a new small one at
∼42°, much more evident in the SBA-15-supported sample, that
can be ascribed to the formation of a cobalt carbide phase.21,22 A
similar cobalt carbide phase has been previously detected by
other authors in a Co/TiO2 system,
10 which is a catalyst that also
presents an important activity in acetaldehyde production.
Anyhow, these changes seem to indicate that part of the cobalt is
modiﬁed under SRE reaction conditions. However, as shown in
Figure 2, no noticeable changes can be detected by XAS
spectroscopy, where both XANES and FT functions were similar
after hydrogen reduction at 750 °C and after SRE reaction at 500
°C. Interestingly, after reactions in both catalysts, the particle
sizes are decreased (Figures 3e and 3f), especially in the Co/SBA-
15. This is clearly shown in Figure S2 in the SI, where both
samples now present similar histograms. Thus, the TEM images
also suggest that cobalt particles are strongly modiﬁed during
SRE reaction, especially in the Co/SBA-15 catalyst.
In order to clarify this point, an additional study was carried
out by means of in situ XPS under hydrogen reducing and SRE
catalytic conditions.
Figure 4 shows the Co 2p region of XPS obtained in situ for
both catalytic systems reduced at 750 °C and after SRE reaction
at 500 °C. By reduction treatment, both systems present a
metallic Co0 phase (binding energy (BE) of 778.0 eV).
Surprisingly, after being under SRE reaction conditions, the
main Co 2p peak is widened and shifted to lower BE, meaning
that cobalt is transformed in a new, more-reduced state. At this
point, particular attention was paid to the possible charging
eﬀects appearing in insulator materials such as silica, which can
mistakenly modify the energy position of XPS peaks. For this, we
Table 1. Catalytic Performances in Steam Reforming of
Ethanol after 12 h of TOS
Selectivity (%)
conversion (%) H2 CO CO2 CH4 CH3CHO
Co/SBA-15 88.6 55.1 14.1 38.9 3.7 43.5
Co/SiO2 57.6 52.9 18.7 47.6 4.9 28.8
Figure 1. XRD diagrams of Co/SBA-15 (left) and Co/SiO2 (right) after calcination (a), reduction (b) and SRE reaction (c).
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have carefully veriﬁed the calibration step (Si 2p and O 1s did not
shift). In addition, an analogous experiment with a similar Ni/
SBA-15 system showed no shifts.
As shown in Figure 4, although observed in both catalysts, this
shift seems to be more signiﬁcant in the SBA-15-supported
catalyst. Actually, as demonstrated by a deconvolution
procedure, the new peak appearing after SRE treatment is an
envelope of two components, although contributing diﬀerently
in each of the two catalysts. Thus, while in the Co/SBA-15
catalyst, the envelope can be adjusted with a contribution of 70%
metallic cobalt (centered at 778.0 eV) and 30% the new cobalt
phase (centered at 776.6 eV), in the Co/SiO2 system, the
Figure 2. Co K-edge XANES spectra and FT of Co/SBA-15 after diﬀerent treatments.
Figure 3. TEM images of Co/SBA-15 (top) and Co/SiO2 (down) after calcination (a−b), reduction (c−d) and SRE reaction (e−f).
Figure 4. Co 2p region XPS spectra of Co/SBA-15 (left) and Co/SiO2 (right) after the indicated in situ experiments.
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peaks centered at ∼35° and 61°. No peaks from other cobalt-
oxidized phases were detected in the diagrams. The formation of
the silicate is conﬁrmed by X-ray absorption spectroscopy (XAS)
as the Fourier transform (FT) and X-ray absorption near-edge
structure (XANES) spectrum of the calcined Co/SBA-15,
included in Figure 2, clearly diﬀer from those of typical cobalt
oxides, resembling those previously identiﬁed as silicates.19,20
Finally, the TEM images in Figures 3a and 3b also show the
formation of the characteristic ﬁbrous structure of the
phyllosilicate phase.16 According to the XRD diagrams of Figure
1, the characteristic peaks at 44.3° and 52° show that cobalt is
reduced by hydrogen treatment at 750 °C. The XANES and FT
obtained for Co/SBA-15 after reduction at 750 °C (Figure 2)
also indicate the presence of a completely reduced cobalt phase.
A ﬁtting procedure of this FT yields a mean coordination number
for metallic cobalt of 11.0, which is in agreement with the
particles visible in the TEM image in Figure 3c. In that regard,
note that, after hydrogen reduction, the particle sizes are larger in
the SBA-15-supported catalysts (Figures 3c and 3d), which imply
a lower exposed surface area for cobalt. Figure S1 in the SI
includes images and histograms that show these diﬀerences.
Thus, this is a clear indication that, although there are less surface
cobalt sites in Co/SBA-15, they are much more reactive than
cobalt in the SiO2-supported catalyst.
However, themore interesting results have been obtained after
subjecting the cobalt catalysts to SRE reaction conditions at 500
°C. As shown in Figure 1, the XRD diagrams are modiﬁed,
appearing a wide peak at 25° coming from the deposition of
graphite-like deposits on the surface, and a new small one at
∼42°, much more evident in the SBA-15-supported sample, that
can be ascribed to the formation of a cobalt carbide phase.21,22 A
similar cobalt carbide phase has been previously detected by
other authors in a Co/TiO2 system,
10 which is a catalyst that also
presents an important activity in acetaldehyde production.
Anyhow, these changes seem to indicate that part of the cobalt is
modiﬁed under SRE reaction conditions. However, as shown in
Figure 2, no noticeable changes can be detected by XAS
spectroscopy, where both XANES and FT functions were similar
after hydrogen reduction at 750 °C and after SRE reaction at 500
°C. Interestingly, after reactions in both catalysts, the particle
sizes are decreased (Figures 3e and 3f), especially in the Co/SBA-
15. This is clearly shown in Figure S2 in the SI, where both
samples now present similar histograms. Thus, the TEM images
also suggest that cobalt particles are strongly modiﬁed during
SRE reaction, especially in the Co/SBA-15 catalyst.
In order to clarify this point, an additional study was carried
out by means of in situ XPS under hydrogen reducing and SRE
catalytic conditions.
Figure 4 shows the Co 2p region of XPS obtained in situ for
both catalytic systems reduced at 750 °C and after SRE reaction
at 500 °C. By reduction treatment, both systems present a
metallic Co0 phase (binding energy (BE) of 778.0 eV).
Surprisingly, after being under SRE reaction conditions, the
main Co 2p peak is widened and shifted to lower BE, meaning
that cobalt is transformed in a new, more-reduced state. At this
point, particular attention was paid to the possible charging
eﬀects appearing in insulator materials such as silica, which can
mistakenly modify the energy position of XPS peaks. For this, we
Table 1. Catalytic Performances in Steam Reforming of
Ethanol after 12 h of TOS
Selectivity (%)
conversion (%) H2 CO CO2 CH4 CH3CHO
Co/SBA-15 88.6 55.1 14.1 38.9 3.7 43.5
Co/SiO2 57.6 52.9 18.7 47.6 4.9 28.8
Figure 1. XRD diagrams of Co/SBA-15 (left) and Co/SiO2 (right) after calcination (a), reduction (b) and SRE reaction (c).
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have carefully veriﬁed the calibration step (Si 2p and O 1s did not
shift). In addition, an analogous experiment with a similar Ni/
SBA-15 system showed no shifts.
As shown in Figure 4, although observed in both catalysts, this
shift seems to be more signiﬁcant in the SBA-15-supported
catalyst. Actually, as demonstrated by a deconvolution
procedure, the new peak appearing after SRE treatment is an
envelope of two components, although contributing diﬀerently
in each of the two catalysts. Thus, while in the Co/SBA-15
catalyst, the envelope can be adjusted with a contribution of 70%
metallic cobalt (centered at 778.0 eV) and 30% the new cobalt
phase (centered at 776.6 eV), in the Co/SiO2 system, the
Figure 2. Co K-edge XANES spectra and FT of Co/SBA-15 after diﬀerent treatments.
Figure 3. TEM images of Co/SBA-15 (top) and Co/SiO2 (down) after calcination (a−b), reduction (c−d) and SRE reaction (e−f).
Figure 4. Co 2p region XPS spectra of Co/SBA-15 (left) and Co/SiO2 (right) after the indicated in situ experiments.
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measured peak is adjusted with 82% and 18%, respectively. A
peak in such a low energy position has been previously observed
in a cobalt system,23 and ascribed to a cobalt carbide phase, which
agrees with our previous assignment made from the XRD results
of Figure 1. Other authors also detected, upon the carbide phase
formation, the appearance of a new C 1s peak at lower BE than
the typical graphite peak23,24 and assigned to the carbon species
of this new carbide phase. This is also the case in our catalysts,
where a new peak at 282.8 eV is present in the C 1s region (not
shown). The fact that this phase has been clearly detected by XPS
upon SRE treatment but is undetectable by XAS (Figure 2) may
be an indication that this carbide phase must be located just on
the surface of the metallic cobalt particles. This apparent
contradiction can be understood considering that, as shown by
TEM images after reduction (Figures 3c and 3d) and after SRE
reaction (Figures 3e and 3f), the particles of the Co/SBA-15
system have an average size of ∼15 nm, which, according to
previous work,25 must contain∼105 atoms, but only 10% of them
are located on the surface. Furthermore, considering that only
30% of the cobalt surface atoms are transformed to carbide, this
phase could be undetectable by XAS.
At this point, an important issue is to consider the
thermodynamic feasibility of the cobalt carbide formation
under SRE conditions. According to previous DFT calcula-
tions,26 the formation of cobalt carbide is exothermic, with
respect to Co, under the presence of a CO and H2 mixture.
However, this carbide phase is only metastable and its
decomposition to metal Co and graphite carbon is also
thermodynamically promoted. Considering that, under SRE
conditions, a mixture of CO and H2 is produced, these facts
support our experimental ﬁndings that a carbide phase is formed
under SRE conditions, but only on the surface of the metallic
particles. Another critical point is the measured BE for this cobalt
carbide phase, lower than the typical value for metallic cobalt.
Once again, previous DFT studies26 demonstrated the strong
metallic-like character of the cobalt carbide, but a variety of low-
index planes can be exposed, which modiﬁes the metallic
character of the Co−C bond. This fact could be of high
importance in our surface carbide phase, and additionally could
explain why some other authors found that metallic and carbide
cobalt appear at the same BE position in the Co 2p region.24,27
In order to further clarify these points, we have performed two
additional in situ XPS experiments. First of all, and following
previously described methodology,22 cobalt carbide can be
prepared by treating metallic cobalt with CO at temperature of
220 °C or higher. According to this, we have accomplished a new
in situ XPS experiment, treating the Co/SBA-15 catalyst with
pure CO at 300 °C. As shown in Figure 5, these results conﬁrm
the red shift for the Co 2p binding energy when a cobalt carbide
phase appears, giving rise, in this case, to a shift of 0.6 eV in the
peak maximum. This is also conﬁrmed, and in agreement with
previous works,23,24 by the shift of the C 1s peak to lower energy
after this treatment, as also observed in our Co/SBA-15 catalytic
system (not shown). Second, and hypothesizing that, in our Co/
SBA-15 system, the carbide phase is generated by the CO and H2
mixture appearing as SRE reaction products, an additional XPS
experiment was designed that emulates these conditions; that is,
a low CO concentration level in the presence of hydrogen. As
also shown in Figure 5, we have veriﬁed that the same behavior is
observed treating the catalyst with a mixture 5% CO−5% H2 in
helium at 500 °C, ﬁnally probing that the formation of the cobalt
carbide phase is favored under SRE reaction conditions, in
contact with the products of SRE reaction. Once again, the same
experiments performed with a similar Ni/SBA-15 (not shown)
did not shift the peaks, ruling out possible charging eﬀects.
In conclusion, we have demonstrated that, under SRE reaction
conditions, an initially well-reduced Co phase is partially
transformed in a surface cobalt carbide phase, coexisting Co0
and Co carbide in diﬀerent proportion (70:30 for Co/SBA-15
and 82:18 for Co/SiO2), as determined by XPS. Considering the
diﬀerent catalytic selectivity of these two catalysts (Table 1), the
production of CO and CO2 come from the steam reforming of
ethanol reaction, which occurs over catalytic sites of metallic
cobalt, proportionately more abundant in the Co/SiO2 catalyst.
In the same way, the higher productivity of acetaldehyde with the
Co/SBA-15 catalyst correlates with the higher amount of carbide
phase detected in this system, which is achieved by dehydrogen-
ation of the ethoxide groups adsorbed on cobalt carbide sites. At
the same time, the subsequent breakage of the C−C bond to
generate the reforming products is not catalyzed on the cobalt
carbide sites.28 This interpretation is also supported by the well-
known activity in hydrogenation−dehydrogenation reactions of
transition-metal carbides,29 but also in homogeneous reactions
with diﬀerent types of organometallic compounds.30
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measured peak is adjusted with 82% and 18%, respectively. A
peak in such a low energy position has been previously observed
in a cobalt system,23 and ascribed to a cobalt carbide phase, which
agrees with our previous assignment made from the XRD results
of Figure 1. Other authors also detected, upon the carbide phase
formation, the appearance of a new C 1s peak at lower BE than
the typical graphite peak23,24 and assigned to the carbon species
of this new carbide phase. This is also the case in our catalysts,
where a new peak at 282.8 eV is present in the C 1s region (not
shown). The fact that this phase has been clearly detected by XPS
upon SRE treatment but is undetectable by XAS (Figure 2) may
be an indication that this carbide phase must be located just on
the surface of the metallic cobalt particles. This apparent
contradiction can be understood considering that, as shown by
TEM images after reduction (Figures 3c and 3d) and after SRE
reaction (Figures 3e and 3f), the particles of the Co/SBA-15
system have an average size of ∼15 nm, which, according to
previous work,25 must contain∼105 atoms, but only 10% of them
are located on the surface. Furthermore, considering that only
30% of the cobalt surface atoms are transformed to carbide, this
phase could be undetectable by XAS.
At this point, an important issue is to consider the
thermodynamic feasibility of the cobalt carbide formation
under SRE conditions. According to previous DFT calcula-
tions,26 the formation of cobalt carbide is exothermic, with
respect to Co, under the presence of a CO and H2 mixture.
However, this carbide phase is only metastable and its
decomposition to metal Co and graphite carbon is also
thermodynamically promoted. Considering that, under SRE
conditions, a mixture of CO and H2 is produced, these facts
support our experimental ﬁndings that a carbide phase is formed
under SRE conditions, but only on the surface of the metallic
particles. Another critical point is the measured BE for this cobalt
carbide phase, lower than the typical value for metallic cobalt.
Once again, previous DFT studies26 demonstrated the strong
metallic-like character of the cobalt carbide, but a variety of low-
index planes can be exposed, which modiﬁes the metallic
character of the Co−C bond. This fact could be of high
importance in our surface carbide phase, and additionally could
explain why some other authors found that metallic and carbide
cobalt appear at the same BE position in the Co 2p region.24,27
In order to further clarify these points, we have performed two
additional in situ XPS experiments. First of all, and following
previously described methodology,22 cobalt carbide can be
prepared by treating metallic cobalt with CO at temperature of
220 °C or higher. According to this, we have accomplished a new
in situ XPS experiment, treating the Co/SBA-15 catalyst with
pure CO at 300 °C. As shown in Figure 5, these results conﬁrm
the red shift for the Co 2p binding energy when a cobalt carbide
phase appears, giving rise, in this case, to a shift of 0.6 eV in the
peak maximum. This is also conﬁrmed, and in agreement with
previous works,23,24 by the shift of the C 1s peak to lower energy
after this treatment, as also observed in our Co/SBA-15 catalytic
system (not shown). Second, and hypothesizing that, in our Co/
SBA-15 system, the carbide phase is generated by the CO and H2
mixture appearing as SRE reaction products, an additional XPS
experiment was designed that emulates these conditions; that is,
a low CO concentration level in the presence of hydrogen. As
also shown in Figure 5, we have veriﬁed that the same behavior is
observed treating the catalyst with a mixture 5% CO−5% H2 in
helium at 500 °C, ﬁnally probing that the formation of the cobalt
carbide phase is favored under SRE reaction conditions, in
contact with the products of SRE reaction. Once again, the same
experiments performed with a similar Ni/SBA-15 (not shown)
did not shift the peaks, ruling out possible charging eﬀects.
In conclusion, we have demonstrated that, under SRE reaction
conditions, an initially well-reduced Co phase is partially
transformed in a surface cobalt carbide phase, coexisting Co0
and Co carbide in diﬀerent proportion (70:30 for Co/SBA-15
and 82:18 for Co/SiO2), as determined by XPS. Considering the
diﬀerent catalytic selectivity of these two catalysts (Table 1), the
production of CO and CO2 come from the steam reforming of
ethanol reaction, which occurs over catalytic sites of metallic
cobalt, proportionately more abundant in the Co/SiO2 catalyst.
In the same way, the higher productivity of acetaldehyde with the
Co/SBA-15 catalyst correlates with the higher amount of carbide
phase detected in this system, which is achieved by dehydrogen-
ation of the ethoxide groups adsorbed on cobalt carbide sites. At
the same time, the subsequent breakage of the C−C bond to
generate the reforming products is not catalyzed on the cobalt
carbide sites.28 This interpretation is also supported by the well-
known activity in hydrogenation−dehydrogenation reactions of
transition-metal carbides,29 but also in homogeneous reactions
with diﬀerent types of organometallic compounds.30
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 In this study, five mono and bimetallic xNi-(10-x)Co/SBA-15 catalysts (x=10, 8, 5, 
2 and 0, with a total metallic content of 10 wt%) have been synthesized using a 
deposition-precipitation (DP) methodology. Catalytic performances on the steam 
reforming of ethanol reaction (SRE) have been determined and correlated with their 
physical and chemical state. A nickel content of 5% or higher yields catalytic systems 
with good activity, high selectivity to hydrogen and a low production of acetaldehyde 
(less than 5%). However, in the systems where the cobalt is the main component of 
the metallic phase (8-10 %), the selectivity changes, mainly due to the production of an 
excess of acetaldehyde, which is also reflected in the larger H2/CO2 ratio. In agreement 
with previous findings, this important modification in the selectivity comes from the 
formation of a cobalt carbide phase, where only takes place in the cobalt enriched 
systems, and is inhibited with nickel content larger than 5%. The formation of this 
carbide phase seems to be responsible for the decrease of cobalt particle size during 
the SRE reaction. Even though this cobalt carbide phase is thermodynamically 
metastable against decomposition to metallic cobalt and graphite carbon, our results 
have shown that it only reacts and decomposes after a hydrogen treatment at 600 oC. 
 
Keywords: nickel cobalt catalysts, in situ XPS, hydrogen production, cobalt carbide, 
ethanol steam reforming, acetaldehyde. 
 
1. Introduction 
 Although methane steam reforming is currently the most industrial competitive 
process for obtaining hydrogen [1-3], the impact on climate of using fossil fuels, and 
the limited availability of methane due to the remote locations of some of the major 
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2natural gas fields makes the use of renewable chemicals as bioethanol a very 
interesting alternative to reduce the environmental impact [4,5]. This product of the 
biomass processing is easily available, with low toxicity and also very important, the 
existing infrastructure for storage and transportation is spread worldwide [6-8]. 
Ethanol steam reforming has been extensively studied in the last decades. As in other 
reactions such as the methane reforming, the use of noble metals yields good catalytic 
performance with high selectivity to hydrogen and a limited amount of carbon 
deposits poisoning the catalyst [9-14]. Once again, the high price and poor availability 
of metals as Ru, Pt, Rh or Pd, advises the use of cheaper alternatives, especially Ni, but 
also Co and/or Cu [15-19], even though these metals favor the deposition of 
carbonaceous deposits. The carbon deposition processes can be mitigated in several 
ways, as changing the ethanol/water ratio, introducing oxygen in the feed mixture or 
using different kind of supports [20,21]. An alternative strategy to overcome this issue 
involves the use of bimetallic systems, where the synergistic effects of the two metals 
can improve their catalytic performances. In this sense Ni-Co is one of the most 
popular couple being used for this SRE reaction but also for reforming of methane 
[19,22-26]. It has been previously reported that the combining effect of this two 
metals is able to produce less amount but also less harmful carbon deposits [6]. 
 
In this work we have synthesized five catalysts containing nickel and/or cobalt 
supported on the mesoporous silica SBA-15. The catalytic systems, with a total metal 
loading of 10 wt%, has been prepared by means of a deposition-precipitation method 
(xNi-(10-x)Co/SBA-15 catalysts, x=10, 8, 5, 2 and 0). We have measured the catalytic 
performances of these systems, and characterized their states after calcination, 
hydrogen reduction and steam reforming of ethanol reaction conditions using among 
others, XPS, XAS and TEM. The results have allowed correlating the catalytic 
performances with the initial state of metallic phases and its evolution under catalytic 
conditions. The formation of a Ni-Co bimetallic phase and the stabilization of a cobalt 
carbide phase in the Co-enriched systems are the major factors determining the 
catalytic performances of these Ni-Co/SBA-15 catalysts. 
  
2. Experimental  
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2.1. Preparation of the catalysts 
 
Ni-Co catalytic systems were synthesized by a deposition-precipitation method 
over a mesoporous support of SBA-15 which was prepared by the Zhao et al. protocol 
[27] using a TEOS/P123/HCl/H2O (TEOS: Sigma-Aldrich, CAS: 78-10-4; HCl: Sigma-
Aldrich, CAS: 7647-01-0; Pluronic® P-123: Sigma-Aldrich, CAS: 9003-11-6) molar 
relation of 1/0.02/9.91/320. Typically, 3 g of PEG-PPG-PEG (P123) were dissolved in 
140 mL of HCl 1.8 M. After total solution, the mix was heated up to 50 oC and 5.9 mL of 
TEOS were added with stirring. The solution was kept on static at 50 oC for 18 hours, 
and the gel obtained was filtered and washed several times with distilled water. The 
product was dried and calcined on static air for 3 hours at 550 oC. The metallic phase 
was loaded by heating up to 105 oC during 2 hours a solution containing 1 g of as-
prepared SBA-15, 150 mL of HNO3 0.01 M (Sigma-Aldrich, CAS: 7697-37-2), the metal 
precursors [Ni(NO3)2·6H2O (Panreac, CAS: 13478-00-7) or/and Co(NO3)2·6H2O (Panreac, 
CAS: 10026-22-9] and 11.37 g of urea (Alfa Aesar, CAS: 57-13-6), for a total metallic 
charge of 10% and different xNi/(10-x)Co ratio (x=0, 2, 5, 8, 10).  After this time, the 
resulting solution was filtered and washed with distilled water, dried at 110 oC and 
calcined on static air for 3 hours at 550 oC. 
 
2.2. Catalytic test 
SRE catalytic tests were performed over 100 mg of catalyst held in a tubular 
quartz reactor. Samples were pre-reduced in hydrogen at 750 oC for 1 hour using a 
heating ramp of 10 oC·min-1 and reaction was carried out at 500 oC by injecting 0.02 
mL·min-1 of a H2O/EtOH solution (3.7 molar ratio) and 100 mL·min-1 of helium as 
carrier gas. Products were analyzed by gas chromatography using an Agilent´s 490 
microGC equipment, connected on-line with the reactor, provided with three columns 
and TCD detectors: two molecular sieves for the analysis of lighter molecules as H2, CO, 
CH4 and CO, and a capillary column (PoraPLOT-U) for the analysis of CO2, H2O, ethanol 
and acetaldehyde. Quantitative calculations were as follows: 
 
Ethanol conversion (%): 
 
217
4 XEtOH =  ,  
being FEtOHin and FEtOHout the ethanol molar 
flow in the inlet and outlet gas, respectively.  
Selectivity to different products (%): 
 
 Si = ·100 ,  
being Fi the component i molar flow. Ci is a 
stoichiometric value obtained by the equation:         
  
In the case of H2 selectivity we estimated the value given by the EtOH/H2 
stoichiometric relation in SRE, being ci=6.  
 
2.3. N2-physisorption 
 N2 adsorption/desorption isotherms were obtained at -196 oC in a 
TRISTAR II (Micromeritics) equipment. With a minimum amount of 50 mg, each sample 
was pre-treated under vacuum at 150 oC prior to the adsorption/desorption 




Transmission electron microscopy was carried out in a Philips CM200 
microscope operating at 200 kV using a copper grid coated with lacey carbon as 
sample support. Analysis of particle size was performed by sampling 150 particles.  
 
2.5. XRD 
Diffractogram patterns of calcined and reduced samples were obtained in a 
PANalytical X-Pert PRO diffractometer with a Cu anode (λ=1.5418 Å, Cu Kα), using a 
Bragg-Brentano configuration in the 2θ range of 10-80°, with a step of 0.05° and an 
effective acquisition time of 240 s. 
 
2.6. TPR  
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Temperature-programmed reduction experiments were done using a thermal 
conductivity detector calibrated with a commercial NiO. An estimated amount of 
calcined sample for consuming 100 μmol of H2 was used in each case. Conventional 
experiments were carried out from room temperature up to 1000 oC with a heating 
ramp of 10 oC·min-1. Experimental conditions were chosen to avoid peak coalescence 
[28]. A mass spectrometer was used to determine the evolution of gases during the 
reduction treatments of oxidized and post-reaction samples: CH4 (m/e-=15), H2 (m/e-
=2) and H2O (m/e-=18). 
  
2.7. XPS 
X-ray photoelectron spectroscopy was performed in a VG-ESCALAB 210 
equipment. Acquisition was performed in a chamber equipped with a SPECS Phoibos 
100 hemispheric analyzer at 10-9 Torr using an anticathode of MgKα (E=1.5418 eV) 
with 12 kV of potential acceleration and 20 mA of current. Catalytic systems were 
analyzed as-prepared and after different, consecutive in situ treatments: 
1. 5%H2/Ar at 750 oC during 1 hour with a heating ramp of 10 oC·min-1.  
2. SRE conditions at 500 oC during 1 hour by bubbling an ethanol/water solution 
with 100 mL·min-1 of argon for obtaining a similar flow gas composition as the catalytic 
test.  
3. Hydrogen treatment with 5%H2/Ar at 400 oC, during 1 hour. 
4. Hydrogen treatment with 5%H2/Ar at 550 oC, during 1 hour. 
5. Hydrogen treatment with 5%H2/Ar at 600 oC, during 1 hour. 
 
2.8. XAS 
X-ray absorption spectra were carried out at the BL22 CLAESS beamline at the 
ALBA synchrotron facility (Spain). Pelletized samples were analyzed in transmission 
mode in an in situ cell for gas-solid reactions with an amount of sample estimated to 
maximize the signal/noise ratio. Due to beamtime limitations, only monometallic 
samples were studied. These catalytic systems were analyzed as-prepared and after 
different in situ treatments: 
1. 5%H2/Ar at 750 oC during 1 hour with a heating ramp of 10 oC·min-1.  
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62. SRE conditions at 500 oC during 1 hour by bubbling an ethanol/water solution 
with 100 mL·min-1 of argon for obtaining a similar flow gas composition as the catalytic 
test.  
Standard nickel and cobalt foils were measured and used for energy calibration. 
XAS spectra were recorded from 7600 to 9200 eV (including both Ni and Co K-edge 
energies).  
 
3. Results and discussion 
3.1. Characterization of calcined and reduced catalysts 
The five catalytic systems were characterized by N2 adsorption analysis (BET, 
BJH), XRD, TEM, TPR and XPS. XAS spectra were just collected for the two 
monometallic systems. As reflected in Table 1, during the alkaline treatment with urea, 
all samples undergo important changes of BET surface area and mean porous size. 
From the original value of 738 m2.g-1 of the pristine SBA-15, the BET of the treated 
solids decrease to 250-280 m2.g-1. Simultaneously, the average pore size increases 
from 6.7 to 9-12 nm. Despite this loss of surface area and porosity, the images of the 
calcined catalysts obtained by TEM (Figure 1) shows that the channeled structure of 
the SBA-15 support is preserved, with the “fibrous” structures of phyllosilicate phases 
generated during this treatment being visible [29-31]. The formation of 
(NiCo)3Si2O5(OH)4 and/or (NiCo)3Si4O10(OH)2 phyllosilicate phases [32] can be 
confirmed in the XRD diagrams of Figure 2 (left) by the wide peaks appearing around 
35 and 61o [33], the only phases detected in the calcined samples. As it can be 
observed in the inset, the bimetallic samples, and in particular the 5Ni-5Co/SBA-15, 
only show one peak near 61o, indicating the formation of a bimetallic nickel cobalt 
phyllosilicate phase.  
According to the TPR profiles included in Figure 3, the 10Ni/SBA-15 catalyst 
presents two different reduction processes, characterized by a small shoulder at 475 oC 
and a main peak centered at 675 oC, previously assigned to the reduction of a small 
amount of nickel oxide and a nickel phyllosilicate phase, respectively [29,34]. Likewise, 
the 10Co/SBA-15 system has the main peak at higher temperature (750 oC) with a 
shoulder centered at 850 oC [26]. All the bimetallic catalysts present intermediate 
profiles, with the main peak centered at higher temperatures as the cobalt content 
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increases. Thus, these profiles once again suggest the formation of bimetallic phases in 
the calcined catalysts. The diffraction diagrams of these systems reduced in hydrogen 
at 750 oC, included in Figure 2 (right) show diffraction peaks around 44.5 and 52o, the 
result of well reduced nickel and/or cobalt phases. As detailed in the figure, the shift of 
these peaks with the Ni/Co content also suggests the formation of a Ni-Co bimetallic 
phase. 
The TEM images of the catalytic systems obtained after hydrogen reduction are 
depicted in Figure 4. It can be observed how the sizes of the metallic particles are 
dependent on the Ni/Co ratio. Thus, the smaller particles (4-6 nm, black bars in Figure 
5) are obtained for the 10Ni/SBA-15 catalyst, and the size progressively increases with 
the Co content, reaching an average value of 14.4 nm for the 10Co/SBA-15 (Table 1). 
These results clearly show a stronger interaction of nickel with the SBA-15 support, 
allowing a larger dispersion of the metallic phase. Additionally, both Figure 4 and 5 
show that the increasing amount of cobalt gives rise to higher size heterogeneity, 
reaching a range around 3-25 nm in the monometallic 10Co/SBA-15 system. 
XPS spectroscopy of these five catalysts has shed light on the origin of the 
observed differences in particle sizes. Figure 6a depicts the contiguous Ni 2p and Co 2p 
XPS regions of calcined samples, showing the presence of Ni2+ and Co2+ species of 
metal phyllosilicates, respectively [35-39]. As the nickel and cobalt contents are 
different in each system, the spectra are better understood when normalized to the 
respective Ni and Co contents (Figure 6b). Quantification of peaks intensities are 
presented in Table 2, where nominal and normalized to the metal content values is 
included for each catalytic system. Thus, while for calcined samples the normalized 
intensity of nickel remains virtually unchanged (0.9±0.1), cobalt is strongly affected by 
the presence of nickel so that it increases the dispersion over the SBA-15 support 
when the amount of nickel increases. Especially striking is the high intensity of the Co 
2p signal obtained for 8Ni-2Co/SBA-15, more than two times the normalized value of 
the cobalt monometallic system (0.48 and 1.09, respectively). Anyhow, these results 
indicate that the smaller particle sizes obtained for the reduced nickel containing 
catalysts are related with the initial better dispersion of the phyllosilicate phases 
generated by calcination. It can be also seen in Table 2 how after reduction the 
intensity of Ni 2p peaks included in Figure 7 slightly decreases by the presence of 
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8cobalt (0.25 to 0.17), while the Co 2p region signals increases 3.5 times its normalized 
intensity when nickel is present, from 0.09 in the Co/SBA-15 to 0.31 in 8Ni-2Co/SBA-
15. These results are in agreement with the previous characterization data indicating 
an important increase in the cobalt dispersion when in the bimetallic systems. 
 
3.2. Steam reforming of ethanol 
 The catalytic performances of the five Ni-Co/SBA-15 systems were studied in 
the steam reforming of ethanol reaction (SRE) at 500 oC using an H2O:EtOH ratio of 3.7. 
Table 3 includes conversion and selectivity values after 12 h on stream. After an initial 
deactivating interval of 1-2 hours, all the catalytic systems were stable without 
noticeable deactivation during the whole studied period under ethanol reforming 
conditions. As shown, ethanol conversion values range from 60 to 90%, but other 
important differences can be noted among the five catalytic systems. Both 10Ni/SBA-
15 and 5Ni-5Co/SBA-15 have exactly the same behaviour in conversion and selectivity 
towards all products, including a H2/CO2 ratio near 1. However, the 8Ni-2Co/SBA-15, 
with an intermediate metallic composition presents a higher conversion up to 85.6%, 
in part due to the higher production on methane (21% versus 14%). This change is 
accompanied by the almost total disappearance of the product acetaldehyde, which 
had reached values close to 4% in the first two described catalysts. As this catalyst 
presents the higher cobalt dispersion as determined by XPS (Table 2) and a Ni/Co ratio 
of 4, this singular behaviour could be related with the formation of a homogeneous 
well dispersed Ni4Co1 bimetallic phase. Finally, the 2Ni-8Co/SBA-15 and 10Co/SBA-15 
are characterized by the successive increase in the selectivity to acetaldehyde (8.5 and 
43.5%, respectively), together with a parallel increase in the H2/CO2 ratio (1.12 and 
1.42), revealing the gradual high dehydrogenation activity of these two catalytic 
systems (C2H5OH → C2H4O + H2). It is worth to mention that the high performance of 
the 10Co/SBA-15 catalyst for acetaldehyde production had been previously reported 
by our group as a result of the formation of a cobalt carbide phase under SRE reaction 
conditions [3]. Other authors also reported cobalt containing catalytic systems 
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3.3. Characterization studies after steam reforming of ethanol  
In order to clarify the origin of the different catalytic performances in the 
catalytic systems studied in this work, we have performed additional characterization 
studies after submitting the catalysts to SRE reaction conditions. Thus, after the SRE 
reaction the catalysts present the appearance showed in the TEM images of Figure 8. 
According to the analysis of particles sizes in the five systems (see histograms included 
in Figure 5), two different behaviors can be observed. The two systems with the higher 
Ni content essentially maintain their size and distribution of the freshly reduced 10Ni 
and 8Ni-2Co/SBA-15 catalysts. Surprisingly, the analysis of the TEM images of both 
catalysts with the higher cobalt content (2Ni-8Co and 10Co/SBA-15) makes it clear that 
the particle size decreases, which is more evident in the 10Co/SBA-15 catalyst, where 
no nickel is present. According to our previous findings [3], this unexpected 
redispersion of metallic particles could be related to the formation of a cobalt carbide 
phase, which apparently breaks the cobalt metallic particles, significantly reducing the 
particle size. In turn, this phenomenon seems to correlate with the higher 
acetaldehyde production observed in these two systems (Table 3). In order to deepen 
the origin of this phenomenon, we have carried out an in situ XPS study of the catalysts 
after the SRE reaction, which results are depicted in Figure 9. The comparison between 
the spectra before and after SRE reaction shows essentially that there are no 
significant changes in the Ni 2p region of the four Ni-containing catalysts, except for a 
slight increase in the intensity for the 2Ni-8Co/SBA-15, which agrees with higher 
dispersion after reaction observed previously by TEM (Figure 5). In a first inspection, a 
similar behavior is observed in the Co 2p region of the two more Ni-enriched systems 
(8Ni-2Co and 5Ni-5Co/SBA-15), while the Co 2p regions of 2Ni-8Co and especially, 
10Co/SBA-15 catalysts are clearly modified, shifting the main peak from 778.0 eV to 
lower binding energy values. This red shift of cobalt to an apparently more reduced 
state has been previously observed by us in the monometallic catalytic system and 
ascribed to the formation of a new cobalt carbide phase under SRE reaction 
conditions. In fact, the observed peak is an envelope of two different ones coming 
from a mixture of cobalt carbide (centered at 776.6 eV) and metallic phases (centered 
at 778.0 eV) [3]. Deconvolution of this peak reveals the presence of 70 % metallic 
cobalt, 30 % cobalt carbide in the 10Co/SBA-15 catalyst, and 79 % metallic cobalt, 21 % 
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of cobalt carbide in the 2Ni-8Co/SBA-15 catalyst. The different amounts of carbide 
phase detected in these catalysts could account for the different acetaldehyde 
production observed in these two catalytic systems (Table 3). In this sense, it is worth 
to mention that, although less obvious, even the Co 2p region of 5Ni-5Co/SBA-15 
presents a small red shift which can be convoluted with a 10 % contribution of a cobalt 
carbide phase at 776.6 eV. The fact that this catalyst has the same acetaldehyde 
production as the 10Ni/SBA-15 indicates that there is a minimum amount of carbide 
needed to increase the acetaldehyde production. This could be due to the fact that the 
adsorption of ethanol on the cobalt surface, the first step in both reforming and 
dehydrogenation of ethanol, is a structure sensitive reaction [20] and therefore 
needing the formation of a specific ensemble of active atoms to constitute the cobalt 
carbide active site. 
  
3.4. Further characterization of carbide phase 
 In order to understand the state of this carbide phase, a new set of TPR 
experiments have been performed. In this case, a first TPR has been recorded just up 
to 750 oC, maintaining isothermally the same reducing conditions during 1h. 
Afterwards, the systems were submitted to SRE reaction conditions at 500 oC during 1 
h and a second TPR recorded. The two TPR profiles are depicted in Figure 10. As 
expected, the profiles corresponding to the first TPR up to 750 oC (thin line) are similar 
to those of Figure 3. Likewise, all the profiles of the second TPRs (thick line) have two 
distinct parts. A first positive peak at low temperature (around 520 oC), indicating 
depletion of hydrogen, which in the 10Co and 2Ni-8Co/SBA-15 catalysts is 
accompanied with a shoulder or small peak at 620 oC. Along with this, a negative peak 
appears at higher temperature, centred at 750 oC, which must correspond to 
desorption of previously adsorbed hydrogen on the metallic particles. It is important to 
note that other processes or the formation of other products (i.e. methane) could 
affect the signal from the TCD detector during TPR, which will be discussed below. 
Thus, the hydrogen consumption process observed at low temperature (525 ºC) could 
be due to the reduction of metal particles previously oxidized during the SRE reaction. 
This possibility has been discarded in view of the results obtained by XAS spectroscopy 
under similar SRE reaction conditions (Figure 11). As shown in XANES and Fourier 
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Transform curves, after reaction, both nickel and cobalt remain completely reduced. 
Thus, the depletion of hydrogen only can be due to reduction of carbon deposited 
during the SRE reaction, which can be confirmed in Figure 12, where are depicted the 
TCD and mass spectrometer profiles obtained during the second TPR. Methane (m/e-
=15) is formed coinciding with the depletion of hydrogen (m/e-=2), confirming that 
carbon is eliminated in this low temperature process.  
 However, a deeper comparison of the profiles of the five catalysts shows once 
again two different patterns. On the one hand, in the three catalysts with the high 
amount of nickel (10Ni, 8Ni-2Co and 5Ni-5Co/SBA-15) the peak maxima for H2 and CH4 
approximately appear at the same temperature (521, 527 and 529±3 oC, respectively), 
and consist in asymmetric peaks with a soft tail a high temperature. But the profiles for 
the two Co-enriched catalysts follow a different pattern. In both cases (10Co and 2Ni-
8Co/SBA-15) the m/e-=2 peak coming from H2 species is complex, with at less two 
maxima at different temperatures (528 and 625 oC for 10Co/SBA-15; 528 and 610 oC 
for 2Ni-8Co/SBA-15). Moreover, maxima for H2 and CH4 do not match, with the 
maxima for methane appearing at a temperature 35 oC higher. The fact that in these 
two systems the higher methane production does not match the higher hydrogen 
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a b s t r a c t
A series of gold-palladium catalysts supported in a mesoporous surface functionalized silica SBA-15 was
studied forH2O2 direct synthesis. Support functionalizationwasperformedusingdifferentorganic groups
(namely SO3H, NH2 and SH)whilemetalwas then supported by an ion exchangedmethod. Different
Au-Pd/SBA-15 catalysts were tested in the Direct Synthesis of Hydrogen Peroxide (DSHP). Organic func-
tional groups ( SH, SO3Hand NH2)with acid-baseproperties acted as anchoring sites controlling both
the dispersion of themetallic active phase and the chemical state of gold andpalladiumspecies as Au+ and
Pd2+, respectively. Compared to aAu-Pd/SBA-15 systempreparedby incipientwetness impregnationover
non-functionalized SBA-15, catalytic performance is improved upon functionalization, increasing hydro-
gen peroxide rate in sulfonic-SBA-15 systems and reducing the hydrogenation/decomposition activity by
adding amine groups. The occurrence of amine groups clearly suppresses the support microporosity and
probably condition the metal cluster size. The analysis of particle size by TEM showed that sulfonated
samples lead to a Pd size compromise which improves the H2O2 production hindering the competitive
side reactions, particularly suppressed by the presence of amine groups.
© 2017 Elsevier B.V. All rights reserved.
Introduction
Hydrogen peroxide is an atom efﬁcient reactive in chemical
synthesis. From the environmental point of view it is considered
as a “green” oxidant since oxygen and water are the only by-
products [1]. The estimated annual demand of hydrogen peroxide
in 2015was greater than 4.3million tons [2]. Actually, this extraor-
dinary demand is met by an indirect process, which produces
H2O2 through the sequential hydrogenation and oxidation of a
substituted anthraquinone (Anthraquinone Oxidation process, AO).
However, thisprocessuses toxic solvents and requiresmanyenergy
intensive steps for puriﬁcation of hydrogen [3]. Therefore, direct
synthesis of hydrogen peroxide from hydrogen and oxygen has
attracted much attention as an economical and environmentally
benign process. In this sense, catalytic Direct Synthesis of Hydrogen
Peroxide (DSHP) could reduce signiﬁcantly the cost of a small-
scale hydrogen peroxide production this being useful for its use
∗ Corresponding authors.
E-mail addresses: caballero@us.es (A. Caballero), gcolon@icmse.csic.es
(G. Colón).
in inorganic synthesis, household, electronic industry and others
applications requiring limited amounts of hydrogen peroxide.
One of major problem is that catalysts used for the production
of hydrogen peroxide are also active for the combustion of hydro-
gen to water and the hydrogenation-decomposition of hydrogen
peroxide side reactions which reduce the selectivity to hydrogen
peroxide (Scheme 1).
So far,most of reportedworks are focused on understanding the
factors which control both side reactions. In order to achieve high
selectivity toward H2O2, one clear constraint for catalyst design
is that the H H bonds in H2 should be dissociated while the O O
bonds inO2 should be preserved in the course of catalytic reactions.
The uncoupling of these competitive reactions from hydrogen per-
oxide synthesis has been approached through the use of acid and
halidepromoters [4–7], themodiﬁcationof support properties [8,9]
or by using different metallic catalysts.
Among the studied metallic systems, palladium has been tra-
ditionally used as active catalyst for DSHP reaction however its
catalytic performance was normally hindered by side hydrogena-
tion/decomposition processes [10,11].
Another important and widely studied strategy for enhanc-
ing H2O2 selectivity is to alloy active Pd with Au [12,13]. Density
http://dx.doi.org/10.1016/j.mcat.2017.10.034
2468-8231/© 2017 Elsevier B.V. All rights reserved.
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Scheme 1. Direct Synthesis of Hydrogen Peroxide (black) and involved side reac-
tions (red). (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)
functional theory (DFT) proposed that alloying with Au can sup-
press O O bond dissociation and enhance selectivity toward H2O2
formation. Within this regard, a limiting factor in achieving high
selectivity towardH2O2 withAu-Pdbased catalysts preparedby the
wet impregnationmethod is that the catalyst nanoparticles exhibit
a variation in compositionwith particle size, with the smallest par-
ticles being Pd-rich [14]. Thus, the nature of the catalyst surface,
in particular the oxidation state of the active metal, is crucial to
obtaining high selectivity.
Some studies based in monometallic catalyst of palladium
suggest that unsaturated surface atoms of palladium are espe-
cially energetic sites for H2 and O2 activation and then for
hydrogen peroxide synthesis but also for its successive hydro-
genation/decomposition due to the oxygen–oxygen bond cleavage.
Acid and/or halide promoters could act as a ligand of these
energetic sites inhibiting their activity and reducing the hydro-
genation/decomposition rate [15]. Also, gold-palladium alloys had
shown an important decrease of hydrogenation/decomposition
activity [14,16–18]. Gold could act weakening the interaction
of the hydrogen peroxide with the metal surface. Thereby,
hydrogen peroxide release rate increases by decreasing the hydro-
genation/decomposition activity, which determines the reaction
selectivity [19]. Some problems had been observed in the use of
inorganic acid and halide promoters such as corrosion of the reac-
tor, metal leaching or the need of puriﬁcation steps for commercial
use which could be eliminated by using acidic or halogenated sup-
ports [5,7,20].
In this work, we analysed the physicochemical state of a series
of gold-palladium catalytic systems supported in mesoporous sil-
ica SBA-15 and its effect in the catalytic performance in the DSHP
reaction. The support of SBA-15wasmodiﬁedon surfacebygrafting
different organic functional groups. These functional groups act as
anchor points for themetallic precursors bymeans of ion exchange
thusobtaining ahighlydispersedgold-palladiumphase.Wewill try
to correlate the interactionbetween themetallic phaseand the sup-
port surface,metal dispersion and other important surface features
with the catalytic behaviour of the studied systems.
Experimental
Catalysts preparation
Synthesis of the mesoporous support of silica
SBA-15 was synthetized according to Zhao et al. [21] using
a TEOS:P123:HCl:H2O molar relation of 1:0.02:9.91:320. An acid
solution of HCl 2M was added to another one containing P123
dissolved in distilled water. This mixture was stirred at 50 ◦C and
then the corresponding amount of TEOS was added. The mixture
was kept at such temperature for 18h. The obtained white product
was ﬁltered and washed with boiling distilled water, dried under
vacuum at 70 ◦C and ﬁnally calcined on static air for 3h at 550 ◦C.
Functionalization of SBA-15
For SBA-15 functionalizationwe have considered that bare sup-
port would have 1.2 –OHnm−2 [22]. Surface functionalization was
achieved by (3-mercaptopropyl)triethoxysilane (MPTES) and (3-
aminopropyl)triethoxysilane (APTES)which introducedmercapto-
and amino- functional groups at the surface of SBA-15. On the
basis that the organic molecule will graft to the surface through
3 hydroxyl groups, we used an excess of three times the stoichio-
metric amount of the functionalizating molecule.
In a typical procedure, 0.26mL of MPTES, corresponding to
1.39mmol g−1SBA-15, was added drop by drop to a toluene solu-
tion containing 1g of SBA-15 previously dried at 200 ◦C for 24h.
During MPTES addition, the suspension was kept at 70 ◦C with
N2 bubbling to assure an anhydrous atmosphere. Then, the mix-
ture was heated at 110 ◦C in a reﬂux system for 24h. The product
was then centrifuged and washed several times with toluene and
dichloromethane and ﬁnally dried under vacuum at 90 ◦C for 5h.
Sample thus obtained was named as SBA-15-SH.
For bi-functionalized samples equimolar amount of APTES
and MPTES ligands were used. So, following the same proce-
dure, 0.17mL of APTES (0.695mmol g−1SBA-15) along with 0.13mL
of MPTES (0.695mmol g−1SBA-15) was added to SBA-15 toluene
suspension. Thus obtained samples were labelled in this case SBA-
15-NH2-SH.
Both supports,mono- andbi-functionalized (–SHand–NH2–SH)
were used for preparing sulfonated series. Sulfonation was
achieved by treating the powders with 30mL of hydrogen perox-
ide (30% w/v) on stirring for 1h. Then, the solid was ﬁltered and
ﬁnally treated with H2SO4 2M for 1h. Sulfonated systems were
obtained upon ﬁltration and washing with distilled water several
times. These supports were labelled SBA-15-SO3H and SBA-15-
NH2-SO3H.
Gold-palladium loading on different supports
In all cases, 250mg of the functionalized support were added to
20mL of a water solution containing the corresponding gold and
palladium precursors (HAuCl4 and PdCl2, respectively) for a total
metal loading of 5wt% (2.25 at%, being the Pd/Au at ratio 1.85). The
mixture was stirred during 1h. After that, the coloured powder
was recovered by ﬁltration, washing with distilled water and dry-
ing under vacuum at 70 ◦C. The catalysts were labelled “Au-Pd/”
followed by the name of the support.
As a reference, non-functionalized support of SBA-15 was
impregnated to incipient wetness with the same palladium and
gold precursors and same metal loading. The catalyst was dried
under vacuum at 70 ◦C and labelled Au-Pd/SBA-15.
Catalysts characterization
XRDpatternswere recorded in a PANalytical X-Pert PRO diffrac-
tometer with a Cu source (=1.5418Å, Cu K), working in a
Bragg-Brentano conﬁguration and equipped with an X’Celerator
Detector (active range of 2=2.18◦). The data acquisitionwas carry
out in a 2 range of 10–80◦, a step of 0.05◦ and acquisition time of
240 s. Transmissionelectronmicroscopywas carriedout in aPhilips
CM200 microscope operating at 200kV. Catalysts were dispersed
onethanol anddepositedontoa copper grid coatedwitha lacey car-
bon ﬁlm. Histograms for particle size distributionwere obtained by
counting at least 150 particles. Spectra of x-ray photoelectron spec-
troscopy (XPS)wereobtained inaVG-ESCALAB210equipmentover
pelletized samples. Samples were introduced in a pre-chamber at
10−7 Torr. Acquisition was performed in an appendant analysis
chamber equipped with a SPECS Phoibos 100 hemispheric ana-
lyzer at 10−9 Torr usingMgK radiation (E =1253.6 eV)with 20mA
of anode current and 12kV of potential acceleration. Measures of
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functional theory (DFT) proposed that alloying with Au can sup-
press O O bond dissociation and enhance selectivity toward H2O2
formation. Within this regard, a limiting factor in achieving high
selectivity towardH2O2 withAu-Pdbased catalysts preparedby the
wet impregnationmethod is that the catalyst nanoparticles exhibit
a variation in compositionwith particle size, with the smallest par-
ticles being Pd-rich [14]. Thus, the nature of the catalyst surface,
in particular the oxidation state of the active metal, is crucial to
obtaining high selectivity.
Some studies based in monometallic catalyst of palladium
suggest that unsaturated surface atoms of palladium are espe-
cially energetic sites for H2 and O2 activation and then for
hydrogen peroxide synthesis but also for its successive hydro-
genation/decomposition due to the oxygen–oxygen bond cleavage.
Acid and/or halide promoters could act as a ligand of these
energetic sites inhibiting their activity and reducing the hydro-
genation/decomposition rate [15]. Also, gold-palladium alloys had
shown an important decrease of hydrogenation/decomposition
activity [14,16–18]. Gold could act weakening the interaction
of the hydrogen peroxide with the metal surface. Thereby,
hydrogen peroxide release rate increases by decreasing the hydro-
genation/decomposition activity, which determines the reaction
selectivity [19]. Some problems had been observed in the use of
inorganic acid and halide promoters such as corrosion of the reac-
tor, metal leaching or the need of puriﬁcation steps for commercial
use which could be eliminated by using acidic or halogenated sup-
ports [5,7,20].
In this work, we analysed the physicochemical state of a series
of gold-palladium catalytic systems supported in mesoporous sil-
ica SBA-15 and its effect in the catalytic performance in the DSHP
reaction. The support of SBA-15wasmodiﬁedon surfacebygrafting
different organic functional groups. These functional groups act as
anchor points for themetallic precursors bymeans of ion exchange
thusobtaining ahighlydispersedgold-palladiumphase.Wewill try
to correlate the interactionbetween themetallic phaseand the sup-
port surface,metal dispersion and other important surface features
with the catalytic behaviour of the studied systems.
Experimental
Catalysts preparation
Synthesis of the mesoporous support of silica
SBA-15 was synthetized according to Zhao et al. [21] using
a TEOS:P123:HCl:H2O molar relation of 1:0.02:9.91:320. An acid
solution of HCl 2M was added to another one containing P123
dissolved in distilled water. This mixture was stirred at 50 ◦C and
then the corresponding amount of TEOS was added. The mixture
was kept at such temperature for 18h. The obtained white product
was ﬁltered and washed with boiling distilled water, dried under
vacuum at 70 ◦C and ﬁnally calcined on static air for 3h at 550 ◦C.
Functionalization of SBA-15
For SBA-15 functionalizationwe have considered that bare sup-
port would have 1.2 –OHnm−2 [22]. Surface functionalization was
achieved by (3-mercaptopropyl)triethoxysilane (MPTES) and (3-
aminopropyl)triethoxysilane (APTES)which introducedmercapto-
and amino- functional groups at the surface of SBA-15. On the
basis that the organic molecule will graft to the surface through
3 hydroxyl groups, we used an excess of three times the stoichio-
metric amount of the functionalizating molecule.
In a typical procedure, 0.26mL of MPTES, corresponding to
1.39mmol g−1SBA-15, was added drop by drop to a toluene solu-
tion containing 1g of SBA-15 previously dried at 200 ◦C for 24h.
During MPTES addition, the suspension was kept at 70 ◦C with
N2 bubbling to assure an anhydrous atmosphere. Then, the mix-
ture was heated at 110 ◦C in a reﬂux system for 24h. The product
was then centrifuged and washed several times with toluene and
dichloromethane and ﬁnally dried under vacuum at 90 ◦C for 5h.
Sample thus obtained was named as SBA-15-SH.
For bi-functionalized samples equimolar amount of APTES
and MPTES ligands were used. So, following the same proce-
dure, 0.17mL of APTES (0.695mmol g−1SBA-15) along with 0.13mL
of MPTES (0.695mmol g−1SBA-15) was added to SBA-15 toluene
suspension. Thus obtained samples were labelled in this case SBA-
15-NH2-SH.
Both supports,mono- andbi-functionalized (–SHand–NH2–SH)
were used for preparing sulfonated series. Sulfonation was
achieved by treating the powders with 30mL of hydrogen perox-
ide (30% w/v) on stirring for 1h. Then, the solid was ﬁltered and
ﬁnally treated with H2SO4 2M for 1h. Sulfonated systems were
obtained upon ﬁltration and washing with distilled water several
times. These supports were labelled SBA-15-SO3H and SBA-15-
NH2-SO3H.
Gold-palladium loading on different supports
In all cases, 250mg of the functionalized support were added to
20mL of a water solution containing the corresponding gold and
palladium precursors (HAuCl4 and PdCl2, respectively) for a total
metal loading of 5wt% (2.25 at%, being the Pd/Au at ratio 1.85). The
mixture was stirred during 1h. After that, the coloured powder
was recovered by ﬁltration, washing with distilled water and dry-
ing under vacuum at 70 ◦C. The catalysts were labelled “Au-Pd/”
followed by the name of the support.
As a reference, non-functionalized support of SBA-15 was
impregnated to incipient wetness with the same palladium and
gold precursors and same metal loading. The catalyst was dried
under vacuum at 70 ◦C and labelled Au-Pd/SBA-15.
Catalysts characterization
XRDpatternswere recorded in a PANalytical X-Pert PRO diffrac-
tometer with a Cu source (=1.5418Å, Cu K), working in a
Bragg-Brentano conﬁguration and equipped with an X’Celerator
Detector (active range of 2=2.18◦). The data acquisitionwas carry
out in a 2 range of 10–80◦, a step of 0.05◦ and acquisition time of
240 s. Transmissionelectronmicroscopywas carriedout in aPhilips
CM200 microscope operating at 200kV. Catalysts were dispersed
onethanol anddepositedontoa copper grid coatedwitha lacey car-
bon ﬁlm. Histograms for particle size distributionwere obtained by
counting at least 150 particles. Spectra of x-ray photoelectron spec-
troscopy (XPS)wereobtained inaVG-ESCALAB210equipmentover
pelletized samples. Samples were introduced in a pre-chamber at
10−7 Torr. Acquisition was performed in an appendant analysis
chamber equipped with a SPECS Phoibos 100 hemispheric ana-
lyzer at 10−9 Torr usingMgK radiation (E =1253.6 eV)with 20mA
of anode current and 12kV of potential acceleration. Measures of
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Fig. 1. Hydrogen peroxide production. Reaction conditions: 10mg of catalyst
dispersed in 10mL of a methanol/water equimolar solution at 2 ◦C and 40bar
(PH2 =1.5 bar, PCO2 =35.5 bar, PO2 =3.0 bar) of total pressure.
reduced catalyst were carried out by in situ pre-treatment of sam-
ples with H2 at 400 ◦C for 1h in a cell attached to the pre-chamber.
Catalytic test
DSHP testswere performed in a Teﬂon batch reactor using 10mg
of catalyst dispersed in 10mL of amethanol/water equimolar solu-
tion in the absence of acid additive. The mixture was cooled at 2 ◦C
and purged with CO2. Then, a sequential introduction of H2, CO2
and O2 was carried out for a total pressure of 40bar (PH2 =1.5 bar,
PCO2 =35.5 bar, PO2 =3.0 bar). The use of CO2 as carrier has been
widely reported for this reaction. This is due to two important
effects: i) CO2 can expand different solvents during the reaction
and increase at the same time the H2 solubility, which is partic-
ularly signiﬁcant in the case of mesoporous materials [23] and ii)
CO2 in water would form carbonic acid and act as “green” acidic
promoter, acidifying the solution and stabilizing the H2O2 formed
[24].
The ﬁnal solution was analysed after 0.5, 2 and 4h by a poten-
tiometricmethodusing potassiumpermanganate as titration agent
(Ti-Touch, Metrohm). Hydrogenation/decomposition of H2O2 test
was carried out using similar conditions as DSHP tests but in the
absence of oxygen (PH2 =1.5 bar, PCO2 =38.5 bar) and using a H2O2
starting concentrationof 55mmol L−1. After each catalytic reaction,
we have also tested the possible metal leaching that could affect to
the catalyst performance. For this purpose, we have added certain
amount of sodium borohydride to the reaction solution without
catalyst.Nochange in colourwasobserved so it canbeassumed that
no metal species are present in the liquid media after the reaction.
Results and discussion
Direct synthesis and hydrogenation/decomposition of H2O2
Fig. 1 shows the results of hydrogen peroxide production for the
different fresh catalytic systems at different reaction times (0.5,
2 and 4h). In terms of total production and after 4h of reaction,
sulfonic acid functionalized catalysts (containing SO3H groups)
appear as the most active systems (Fig. 1). However, different
H2O2 production proﬁles can be noted and will be discussed. Non-
functionalized catalyst (Au-Pd/SBA-15) shows the highest H2O2
production at very short times (30min), however a tiny increase
with reaction time is then observed. Sulfonated system ( SO3H)
shows a very high production rate but after initial marked increase
in the production of H2O2, a certain decay in the rate is observed
Fig. 2. Hydrogenation/decomposition activity of fresh catalysts. Reaction con-
ditions: [H2O2]inicial = 55mmol L−1,10mg of catalyst dispersed in 10mL of a
methanol/water equimolar solution at 2 ◦C and 40bar (PH2 =1.5 bar, PCO2 =38.5 bar)
of total pressure.
at long reaction times. Improved activity of sulfonic functionalized
SBA-15 has been previously reported and was explained by con-
sidering that SO3H would serve as an efﬁcient acidic support for
direct synthesis of hydrogen peroxide [25].
It is worthy to note that for –SH catalyst notably a low H2O2
production is observed, denoting that in this case functional-
ization drastically hinder the former catalytic performance of
un-functionalized SBA-15.
Regarding to bi-functionalized systems, it can be assessed that
they clearly show a constant production rates leading to progres-
sive higher H2O2 amounts with reaction times. It is surprising
the dramatic effect of bi-functionalization in the –NH2–SH sam-
ple with respect to –SH sample, which showed the worst H2O2
production. Therefore, it seems that in this case, the occurrence
of –NH2 leads to a better catalytic performance. This improving
effect is also observed for sulfonated samples, for which the differ-
ence is less important. As a summary, higher H2O2 production has
been attained for –NH2–SO3H bi-functionalized catalyst showing a
production of 110mM after 4h.
In order to understand these results it is necessary to consider
the activity in the principal competitive side reactions: hydrogena-
tion and decomposition of hydrogen peroxide (Scheme 1). As a
result of these side reactions, formed H2O2 would be consumed
producing H2O.
From these experiments (Fig. 2), the lower consumption
of hydrogen peroxide is observed for –NH2 bi-functionalized
systems, being especially low for Au-Pd/SBA-15-NH2-SH. Such
behaviour could explain the linear trend of hydrogen perox-
ide production observed for this catalyst. On the other side,
non-functionalized sample shows the highest activity in the hydro-
genation/decomposition reaction and this would explain the slight
increase of the produced H2O2. The high extent of H2O2 decom-
position would hinder the hydrogenation reaction that seems to
reach an almost equilibrium with H2O2 formation with reaction
time.Mono-functionalized systems also showed important activity
for H2O2 decomposition. It can be argued that the observed differ-
ences in the H2O2 production evolution with time could be related
to the extent of the equilibrium reached for both processes, for-
mation and decomposition. Thus, it is clear that for –SH catalyst
the H2O2 decomposition reaction would be the predominant one,
while for –SO3H, H2O2 consumption would be important at higher
H2O2 concentrations. Thus, although the initial formation rate was
outstanding, at long reaction times the amount of H2O2 it seems to
decay.
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Fig. 3. A) N2 Adsorption-desorption isotherms for −SO3H and −SH series (inset plot include bare SBA-15 support). B) Mesopore size distribution for Au-Pd/SBA-15 catalysts
from desorption branch by BJH method.
From these considerations, it can be stated that, in terms of
total production of hydrogen peroxide, best catalysts are those
with sulfonic acid groups in the surface (Fig. 1). However, the sta-
bility of the formation process with time seems to be achieved
by including amine groups which would inhibit the hydrogena-
tion/decomposition activity.
Physicochemical properties of the gold-palladium supported
catalysts
With the aim of correlating the observed differences in the cat-
alytic performance with catalyst properties, each Au-Pd supported
system has beenwidely characterized. Table 1 contains a summary
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Fig. 4. TEM images and size distribution histograms for fresh Au-Pd/SBA-15-SH (a), Au-Pd/SBA-15-SO3H (b), Au-Pd/SBA-15-NH2-SH (c), Au-Pd/SBA-15-NH2-SO3H (d) and
Au-Pd/SBA-15 (e).
Table 1
Surface and textural features of fresh catalytic systems.
SBET (m2 g−1) Smeso (m2 g−1) Smicroa(m2 g−1) Smeso/Smicro Pore volumeb(cm3 g−1) Zeta potential (mV)
SBA-15 717 472 245 1.92 0.67 –
Au-Pd/SBA-15 560 374 187 2.00 0.56 −15.1
Au-Pd/SBA-15-SH 500 346 155 2.23 0.51 22.3
Au-Pd/SBA-15-SO3H 492 343 149 2.30 0.51 −48.1
Au-Pd/SBA-15-NH2-SH 261 230 31 7.41 0.34 50.5
Au-Pd/SBA-15-NH2-SO3H 270 245 37 6.62 0.36 −8.3
a Smicro was calculated using t-plot method.
b Cumulative pore volume from BJH desorption.
of the surface and textural features of the studied catalysts. SBA-15
displays type IV adsorption-desorption isotherms, which is typical
for mesoporous materials, with H1 hysteresis loop characteristics
of highly orderedmesoporous (Fig. 3A), denoting uniform cylindri-
cal pores closely uniform in size [26]. In addition, from the extent of
the adsorbed volume at lowP/P0 importantmicroporosity is antici-
pated. It has been reported that suchmicroporosity is derived from
the creation of micropores at the silica walls and depends on the
synthesis solution pH and on the acid type used in the synthesis
[27,28]. In our parent SBA-15 the ratio between mesopores and
micropores is ca. 2, denoting an important contribution of microp-
ores to the total surface area (Table 1).
It can be pointed out that as a general trend the former speciﬁc
surface area for bare SBA-15 signiﬁcantly decreases upon func-
tionalization and further metal loading (Fig. 3A). Thus, it can be
inferred that grafting process of metal particles would block in
certain extent the SBA-15 channels diminishing the accessible sur-
face of the structure. This fact would point out that metal grafting
would take place inside the SBA-15 channels. Even more, SBA-15
functionalization would affect to the porous structure in different
ways, beingmore noticeable for bi-functionalized samples than for
mono-functionalized one. In fact, although capillary condensation
step remains similar formono-functionalized sampleswith respect
non-functionalized one, the initial adsorption corresponding to the
presence of microporosity appears notably reduced. Thus, the loss
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Fig. 3. A) N2 Adsorption-desorption isotherms for −SO3H and −SH series (inset plot include bare SBA-15 support). B) Mesopore size distribution for Au-Pd/SBA-15 catalysts
from desorption branch by BJH method.
From these considerations, it can be stated that, in terms of
total production of hydrogen peroxide, best catalysts are those
with sulfonic acid groups in the surface (Fig. 1). However, the sta-
bility of the formation process with time seems to be achieved
by including amine groups which would inhibit the hydrogena-
tion/decomposition activity.
Physicochemical properties of the gold-palladium supported
catalysts
With the aim of correlating the observed differences in the cat-
alytic performance with catalyst properties, each Au-Pd supported
system has beenwidely characterized. Table 1 contains a summary
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Fig. 4. TEM images and size distribution histograms for fresh Au-Pd/SBA-15-SH (a), Au-Pd/SBA-15-SO3H (b), Au-Pd/SBA-15-NH2-SH (c), Au-Pd/SBA-15-NH2-SO3H (d) and
Au-Pd/SBA-15 (e).
Table 1
Surface and textural features of fresh catalytic systems.
SBET (m2 g−1) Smeso (m2 g−1) Smicroa(m2 g−1) Smeso/Smicro Pore volumeb(cm3 g−1) Zeta potential (mV)
SBA-15 717 472 245 1.92 0.67 –
Au-Pd/SBA-15 560 374 187 2.00 0.56 −15.1
Au-Pd/SBA-15-SH 500 346 155 2.23 0.51 22.3
Au-Pd/SBA-15-SO3H 492 343 149 2.30 0.51 −48.1
Au-Pd/SBA-15-NH2-SH 261 230 31 7.41 0.34 50.5
Au-Pd/SBA-15-NH2-SO3H 270 245 37 6.62 0.36 −8.3
a Smicro was calculated using t-plot method.
b Cumulative pore volume from BJH desorption.
of the surface and textural features of the studied catalysts. SBA-15
displays type IV adsorption-desorption isotherms, which is typical
for mesoporous materials, with H1 hysteresis loop characteristics
of highly orderedmesoporous (Fig. 3A), denoting uniform cylindri-
cal pores closely uniform in size [26]. In addition, from the extent of
the adsorbed volume at lowP/P0 importantmicroporosity is antici-
pated. It has been reported that suchmicroporosity is derived from
the creation of micropores at the silica walls and depends on the
synthesis solution pH and on the acid type used in the synthesis
[27,28]. In our parent SBA-15 the ratio between mesopores and
micropores is ca. 2, denoting an important contribution of microp-
ores to the total surface area (Table 1).
It can be pointed out that as a general trend the former speciﬁc
surface area for bare SBA-15 signiﬁcantly decreases upon func-
tionalization and further metal loading (Fig. 3A). Thus, it can be
inferred that grafting process of metal particles would block in
certain extent the SBA-15 channels diminishing the accessible sur-
face of the structure. This fact would point out that metal grafting
would take place inside the SBA-15 channels. Even more, SBA-15
functionalization would affect to the porous structure in different
ways, beingmore noticeable for bi-functionalized samples than for
mono-functionalized one. In fact, although capillary condensation
step remains similar formono-functionalized sampleswith respect
non-functionalized one, the initial adsorption corresponding to the
presence of microporosity appears notably reduced. Thus, the loss
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of themicroporous channels in bi-functionalized samples seems to
be associated to the APTES grafting [29,30]. The obtained BET sur-
face area values for bi-functionalized samples appear notably lower
than mono-functionalized systems, showing almost half values in
this case. As previously anticipated, by observing the Smeso/Smicro
ratio is clearly affected particularly by doubly functionalization
(Table 1). Thus, for mono-functionalized systems, the loss in sur-
face area affects in the same way meso- and micro-pores. Though
Smeso and Smicro absolute values appear lower than former SBA-15,
the Smeso/Smicro remains practically unaffected. The variation in the
porous structure ismore pronounced for bi-functionalized systems
for which remaining micropores results about 15% of the initial
value, leading to a Smeso/Smicro ratio notably higher with respect to
initial SBA-15. Consequently, amino functionalization would take
place selectively at silica wallsmicropores, leading to eithermicro-
pore ﬁlling or capping by deposited metal nanoparticles.
By considering the cumulative pore volume obtained by BHJ
method a diminution close to 50% in bi-functionalized catalysts is
observed. If we pay attention to the N and S content calculated by
XPS (Table 2), it can be observed that in spite of that the amount
of ligand grafted to the surface should be equal along the whole
series (mono- and bi-functionalized), for bi-functionalized sam-
ples the S-N content is almost double than formono-functionalized
one. Therefore, the observed decrease in the speciﬁc surface area
would be induced by a more effective grafting of ligands in these
bi-functionalized systems which would indicate the occupation at
larger extent of themicroporous channels of the SBA-15. By observ-
ing the pore size distribution (Fig. 3B), our SBA-15 support exhibits
a tight size distribution centered at 3–8nm, pointing out two pore
families within the mesoporous range. As previously stated, it is
clear that functionalization affects to the pore volumes in all cases.
Thus, while mono-functionalization practically does not alter the
pore size distribution (and therefore the pore volume)with respect
to former SBA-15, doubly functionalization slightly diminishes the
pore volume specially those at 5nm size. Therefore though the
main diminution is observed in the microporosity, and a certain
obstruction of mesopores by metal loading is also expected.
Fig. 4 shows the TEM images and histogram of particle size
distribution of Au-Pd nanoparticles in fresh catalysts. In all func-
tionalized systems, metal particle size range is narrow with an
average value below 4nm. Contrary, for non-functionalized sam-
ple a remarkably wider distribution is observed. Moreover, for this
later sample, higher metal particles with sizes beyond 20nm seem
tobe formedby smallermetal clusters that suffer aggregation. Thus,
surface functionalization clearly leads to i) amorehomogenousdis-
tribution of metal particles and ii) higher metal dispersion on the
surface.
It is worthy tomention that the observedmetal particle range is
particularly narrow (0.5–1.5nm) in both mercapto-functionalized
catalysts (Au-Pd/SBA-15-SH and Au-Pd/SBA-15-NH2-SH), increas-
ing up to 5nm in the sulfonic-functionalized systems (Au-Pd/SBA-
15-SO3H and Au-Pd/SBA-15-NH2-SO3H). From this result, it can be
argued that further oxidation to achieve sulfonated systemswould
induce awiderparticle size distribution aftermetal deposition step.
The presence of amine group seems to shift also the average par-
ticle size to higher values. This tiny effect could be related to the
blockage of micropores observed from N2 adsorption-desorption
analysis.
Moreover, from XRD patterns (Fig. 5) it can be detected small
peaks associated with a metallic gold phase on both sulfonic group
functionalized systems while no palladium phase has been identi-
ﬁed in any sample. This clearly points out that the size of such gold
particles is large enough to present diffraction peak. From Scherrer
equation the calculated mean cluster size for Au-Pd/SBA-15 is ca.
18nm while for sulfonic acid functionalized samples (Au-Pd/SBA-
15-SO3H and Au-Pd/SBA-15-NH2-SO3H) Au cluster size is around
Fig. 5. XRD patterns of fresh catalytic systems.
30nm. These values are consistent with the above observed val-
ues from TEM images. On the contrary, since the crystallite size of
palladium is very small, they cannot be detected by XRD, reﬂecting
its high dispersion. The presence of gold diffraction peaks in both
–SO3H functionalized catalysts agrees with the occurrence of some
larger particle in these samples already claimed from TEM.
Such Au particle aggregation could be explained by considering
the negatively charged surface that results upon –SH oxidation. As
expected a negative zeta potential is observed for these sulfonic-
functionalized systems (Table 1). This negative surface of support
would prompt a repulsion of negative gold precursor (AuCl4−) dur-
ing deposition that would provoke agglomeration of particles and
a higher particle size. Indeed, since –NH2–SO3H system showed
lower negative surface (−8.3mV) character with respect to –SO3H
(−48.1mV), the metal size distribution in that system appeared
narrower with average size close to 1–2nm (Fig. 5).
In addition, from XPS quantiﬁcation an unexpected high Pd/Au
ratiowith respect to the nominal value has been observed (Table 2).
This unexpected Pd/Au ratio (5.1 and 4.4 for Au-Pd/SBA-15–SO3H
and Au-Pd/SBA-15–NH2–SO3H respectively) would be explained
by considering large particle sizes and the subsequent reduction of
the metallic phase dispersion. It is worthy to note that –NH2–SH
sample also exhibits an outstanding Pd/Au ratio of 4.6 that would
be explained by considering a particularly high Pddispersion in this
sample.
In a ﬁrst summary of these results, the presence of sulfonic
groups in the catalyst would increase the particle size with the
formation of larger Au-rich particles. These systems have demon-
strated to be the most active catalyst in the hydrogen peroxide
production (Fig. 1). However, its effect over the hydrogena-
tion/decomposition side reaction is uncertain (Fig. 2). Therefore,
we should consider both the effect of acid groups but also the
changes on metallic dispersion and composition. Moreover, the
smallest gold-palladium particles, showed by Au-Pd/SBA-15-SH
system, present the lowest hydrogen peroxide production, prob-
ably due to the higher extent of hydrogenation/decomposition
rate. However, the non-functionalized catalyst is initially the most
active in hydrogen peroxide production as well as in hydrogena-
tion/decomposition reaction, and that is surprising if we consider
the average particle size which is much bigger in this catalyst.
This inverse correlation between productivity and low metal size
was widely reported in the literature [31,32]. These authors clearly
stated that theproduction ratedecreasedalongwith thedecreaseof
Pd particle size. However, the situation of metal species at the sur-
face is also a crucial parameter that strongly affect to this reaction
[33]. So, a deeper inspection of the surface properties and chemi-
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Table 2
Surface analysis from XPS for fresh catalytic systems.
Fresh samples Reduced samples
S (at%) N (at%) Pda(at%) Aua(at%) Pd/Aub(at ratio) Pda(at%) Aua(at%) Pd/Aub(at ratio)
SBA-15 – – – – – – – –
Au-Pd/SBA-15 – – 1.09 0.77 1.42 1.18 0.88 1.34
Au-Pd/SBA-15-SH 0.81 – 0.70 0.25 2.80 0.60 0.23 2.61
Au-Pd/SBA-15-SO3H 0.82 – 0.41 0.08 5.13 0.33 0.08 4.13
Au-Pd/SBA-15-NH2-SH 0.70 1.05 0.83 0.18 4.61 0.62 0.18 3.44
Au-Pd/SBA-15-NH2-SO3H 0.71 0.94 0.35 0.08 4.38 0.30 0.09 3.33
a Nominal metal contents: Pd 1.46 at% and Au 0.79 at%.
b Nominal Pd/Au ratio:1.85.
cal state of surface species arises necessary in order to clarify the
different catalytic behaviours.
Surface study of the gold-palladium catalytic systems by XPS
The state of functional groups in the support surface was ana-
lysedbyXPS. Fig. 6 plots the recorded signals of S 2s andN1s regions
corresponding to surface thio- and amino- functional groups. It is
reported that thebindingenergyof S2s level associated tomercapto
SHgroup is locatedat around226eV [34],while sulfonatedgroups
gives a S2s binding energy of ca 233eV [35]. By observing the S 2s
peak for sulfonate functionalized samples, two clear contributions
can be observed at 232 and 226eVwhich denotes the simultaneous
presence of SH and SO3H groups at the surface. Therefore, the
complete oxidation of startingmercapto groups is not achieved. By
deconvoluting the S 2speak, the oxidation extent is around 44% and
75%onAu-Pd/SBA-15-SO3HandAu-Pd/SBA-15-NH2-SO3H, respec-
tively. Thus, it can be noted that the occurrence of NH2 would
favour the oxidation of SH towards SO3H. Regarding the N 1s XP
spectra, two components can be observed: a low binding energy
contribution at 400eV due to NH2 groups, and a high binding
energy component at 402eV attributed to NO or NH3+ [36].
The simultaneous surface functionalizationwith APTES andMPTES
would induce a slight protonation of amine functional groups. This
fact is in agreement to the highly positive surface zeta potential
observed for NH2 SH sample, which is notably more positive
than SH one (Table 1). Additionally, upon further oxidation to
achieve SO3H, this surface amine groups also suffer a certain oxi-
dation toward NO. As stated, this partial oxidation also affects to
the surface potential turning in this case slightly negative by the
presence of SO3H. It can be assumed that formed NO groups
are not available for Au metal linkage, so lower metal dispersion
would be anticipated. In fact, in spite of the less negative surface
charge character similar Pd/Au value was attained pointing out Au
aggregation.
Au 4f and Pd 3d signals were also analysed in the fresh sam-
ples (Fig. 7A). Fornon-functionalizedcatalyst, preparedby incipient
wetness impregnation, it has been detected the presence of two
peaks in the Pd 3d signal, one centered at 335.1 eV, near to the
assigned value of Pd0 in reduced systems (Fig. 7B) and a second
centeredat∼336.8 eV, assigned toPd2+,with anestimatedPd0/Pd2+
atomic ratio around 0.6. Functionalized samples show a single Pd
3d5/2 peak centered at ∼337.5 eV, which can be attribute to Pd2+.
No contribution at lower binding energy is detected, denoting that
for these samples Pd appears only in the oxidized state. This means
that the ion exchangemethod provides a unique Pd2+ phase in con-
trast to impregnation method which leads to both Pd2+ and Pd0
phases. Moreover, functionalized series exhibits a slight shift of ca
1 eV in the Pd 3d5/2 binding energies with respect to that observed
in the non-functionalized sample (Fig. 7A). Evenmore, –SO3H func-
tionalized samples also denotes a small shift toward higher energy
values.
It has been widely reported that Pd binding energy is very sen-
sitive to the metal particle size [37,38]. In this sense, Yuranov et al.
distinguished three chemical states of palladium from Pd 3d5/2 sig-
nal at binding energies of 336.5 and 337.7 eV, attributed to bulk
and highly dispersed PdO, respectively. An additional higher bind-
ing energy at 338.5 eV was assigned to PdO2 or extremely small
PdO particles, stabilized by silica support lattice [39]. Therefore
we may infer that Pd particles in the non-functionalized sample
appears forming large clusters. Therefore, surface functionalization
of support not only stabilizes the oxidized state but also induces the
dispersion of metal particles. This high dispersion would be even
more marked for – SO3H systems. In this sense, Hutchings et al.
already reported that a higher surface concentration of Pd2+ on a
Pd–Au/TiO2 catalyst could enhance activity [40]. Similarly, Ouyang
et al. also related the activity to the occurrence of PdOdomains [41].
On the other side, regarding to Au 4f7/2 signal, non-
functionalized system shows a binding energy value associated to
Au0. Contrarily, binding energies for functionalized samples appear
1 eV over that for Au0, which can be attributed to Au+/Au+ species.
Moreover, sulfonated systems clearly show a scarce Au 4f signal. In
fact thePd/Au ratio calculatedbyXPS for these sampleswasnotably
low (Table 1). As above discussed, this would indicate an extraordi-
naryaggregationofAuclusters. Indeed, those samples alsodepicted
noticeable XRD peaks corresponding to Au phase.
Therefore, from XPS results it can be proposed that SO3H sys-
temsprovide a situation inwhich Pd andAuwould showdrastically
different sizes, highly disperse for Pd and aggregated for Au.
The presence of this metallic phase on non-functionalized sys-
tem could be correlated to the particular catalytic behaviour of
Au-Pd/SBA-15 sample. As stated, that sample showed scarce H2O2
production with time that was associated to the high activity
for H2O2 decomposition. In principle, the activity toward hydro-
genation/decomposition reactions would be associated to the
occurrence of metallic phase. So, in order to understanding the
inﬂuence of the chemical state in the catalytic performance we
have studied the catalytic behaviour of systems after reduction
treatment (Fig. 8). After reduction with H2, all catalytic systems
contain only Pd0 and Au0 species (Fig. 7B). In this case, the slight
decrease in the Pd/Au was due to the diminution in the Pd at con-
tent. Thus, reduction process would affect in a greater extent to Pd
particleswhichwould growand suffer agglomeration. Indeed, ifwe
notice the Pd 3d spectra, an evident shift to lower binding energy is
observed for the non-functionalized catalyst. As previously stated,
it can be established a clear dependence between particle size and
binding energy in palladium catalysts, that could be applicable in
this case and agrees with the slightly lower Pd/Au with respect to
fresh series.
Hydrogen peroxide production rate decreases dramatically
after the reduction treatment (Fig. 8). By observing hydro-
genation/decomposition reactions activity, the lower catalytic
performance for H2O2 production was due to a very important
increase in the activity, with more than a 50% of hydrogen per-
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of themicroporous channels in bi-functionalized samples seems to
be associated to the APTES grafting [29,30]. The obtained BET sur-
face area values for bi-functionalized samples appear notably lower
than mono-functionalized systems, showing almost half values in
this case. As previously anticipated, by observing the Smeso/Smicro
ratio is clearly affected particularly by doubly functionalization
(Table 1). Thus, for mono-functionalized systems, the loss in sur-
face area affects in the same way meso- and micro-pores. Though
Smeso and Smicro absolute values appear lower than former SBA-15,
the Smeso/Smicro remains practically unaffected. The variation in the
porous structure ismore pronounced for bi-functionalized systems
for which remaining micropores results about 15% of the initial
value, leading to a Smeso/Smicro ratio notably higher with respect to
initial SBA-15. Consequently, amino functionalization would take
place selectively at silica wallsmicropores, leading to eithermicro-
pore ﬁlling or capping by deposited metal nanoparticles.
By considering the cumulative pore volume obtained by BHJ
method a diminution close to 50% in bi-functionalized catalysts is
observed. If we pay attention to the N and S content calculated by
XPS (Table 2), it can be observed that in spite of that the amount
of ligand grafted to the surface should be equal along the whole
series (mono- and bi-functionalized), for bi-functionalized sam-
ples the S-N content is almost double than formono-functionalized
one. Therefore, the observed decrease in the speciﬁc surface area
would be induced by a more effective grafting of ligands in these
bi-functionalized systems which would indicate the occupation at
larger extent of themicroporous channels of the SBA-15. By observ-
ing the pore size distribution (Fig. 3B), our SBA-15 support exhibits
a tight size distribution centered at 3–8nm, pointing out two pore
families within the mesoporous range. As previously stated, it is
clear that functionalization affects to the pore volumes in all cases.
Thus, while mono-functionalization practically does not alter the
pore size distribution (and therefore the pore volume)with respect
to former SBA-15, doubly functionalization slightly diminishes the
pore volume specially those at 5nm size. Therefore though the
main diminution is observed in the microporosity, and a certain
obstruction of mesopores by metal loading is also expected.
Fig. 4 shows the TEM images and histogram of particle size
distribution of Au-Pd nanoparticles in fresh catalysts. In all func-
tionalized systems, metal particle size range is narrow with an
average value below 4nm. Contrary, for non-functionalized sam-
ple a remarkably wider distribution is observed. Moreover, for this
later sample, higher metal particles with sizes beyond 20nm seem
tobe formedby smallermetal clusters that suffer aggregation. Thus,
surface functionalization clearly leads to i) amorehomogenousdis-
tribution of metal particles and ii) higher metal dispersion on the
surface.
It is worthy tomention that the observedmetal particle range is
particularly narrow (0.5–1.5nm) in both mercapto-functionalized
catalysts (Au-Pd/SBA-15-SH and Au-Pd/SBA-15-NH2-SH), increas-
ing up to 5nm in the sulfonic-functionalized systems (Au-Pd/SBA-
15-SO3H and Au-Pd/SBA-15-NH2-SO3H). From this result, it can be
argued that further oxidation to achieve sulfonated systemswould
induce awiderparticle size distribution aftermetal deposition step.
The presence of amine group seems to shift also the average par-
ticle size to higher values. This tiny effect could be related to the
blockage of micropores observed from N2 adsorption-desorption
analysis.
Moreover, from XRD patterns (Fig. 5) it can be detected small
peaks associated with a metallic gold phase on both sulfonic group
functionalized systems while no palladium phase has been identi-
ﬁed in any sample. This clearly points out that the size of such gold
particles is large enough to present diffraction peak. From Scherrer
equation the calculated mean cluster size for Au-Pd/SBA-15 is ca.
18nm while for sulfonic acid functionalized samples (Au-Pd/SBA-
15-SO3H and Au-Pd/SBA-15-NH2-SO3H) Au cluster size is around
Fig. 5. XRD patterns of fresh catalytic systems.
30nm. These values are consistent with the above observed val-
ues from TEM images. On the contrary, since the crystallite size of
palladium is very small, they cannot be detected by XRD, reﬂecting
its high dispersion. The presence of gold diffraction peaks in both
–SO3H functionalized catalysts agrees with the occurrence of some
larger particle in these samples already claimed from TEM.
Such Au particle aggregation could be explained by considering
the negatively charged surface that results upon –SH oxidation. As
expected a negative zeta potential is observed for these sulfonic-
functionalized systems (Table 1). This negative surface of support
would prompt a repulsion of negative gold precursor (AuCl4−) dur-
ing deposition that would provoke agglomeration of particles and
a higher particle size. Indeed, since –NH2–SO3H system showed
lower negative surface (−8.3mV) character with respect to –SO3H
(−48.1mV), the metal size distribution in that system appeared
narrower with average size close to 1–2nm (Fig. 5).
In addition, from XPS quantiﬁcation an unexpected high Pd/Au
ratiowith respect to the nominal value has been observed (Table 2).
This unexpected Pd/Au ratio (5.1 and 4.4 for Au-Pd/SBA-15–SO3H
and Au-Pd/SBA-15–NH2–SO3H respectively) would be explained
by considering large particle sizes and the subsequent reduction of
the metallic phase dispersion. It is worthy to note that –NH2–SH
sample also exhibits an outstanding Pd/Au ratio of 4.6 that would
be explained by considering a particularly high Pddispersion in this
sample.
In a ﬁrst summary of these results, the presence of sulfonic
groups in the catalyst would increase the particle size with the
formation of larger Au-rich particles. These systems have demon-
strated to be the most active catalyst in the hydrogen peroxide
production (Fig. 1). However, its effect over the hydrogena-
tion/decomposition side reaction is uncertain (Fig. 2). Therefore,
we should consider both the effect of acid groups but also the
changes on metallic dispersion and composition. Moreover, the
smallest gold-palladium particles, showed by Au-Pd/SBA-15-SH
system, present the lowest hydrogen peroxide production, prob-
ably due to the higher extent of hydrogenation/decomposition
rate. However, the non-functionalized catalyst is initially the most
active in hydrogen peroxide production as well as in hydrogena-
tion/decomposition reaction, and that is surprising if we consider
the average particle size which is much bigger in this catalyst.
This inverse correlation between productivity and low metal size
was widely reported in the literature [31,32]. These authors clearly
stated that theproduction ratedecreasedalongwith thedecreaseof
Pd particle size. However, the situation of metal species at the sur-
face is also a crucial parameter that strongly affect to this reaction
[33]. So, a deeper inspection of the surface properties and chemi-
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Table 2
Surface analysis from XPS for fresh catalytic systems.
Fresh samples Reduced samples
S (at%) N (at%) Pda(at%) Aua(at%) Pd/Aub(at ratio) Pda(at%) Aua(at%) Pd/Aub(at ratio)
SBA-15 – – – – – – – –
Au-Pd/SBA-15 – – 1.09 0.77 1.42 1.18 0.88 1.34
Au-Pd/SBA-15-SH 0.81 – 0.70 0.25 2.80 0.60 0.23 2.61
Au-Pd/SBA-15-SO3H 0.82 – 0.41 0.08 5.13 0.33 0.08 4.13
Au-Pd/SBA-15-NH2-SH 0.70 1.05 0.83 0.18 4.61 0.62 0.18 3.44
Au-Pd/SBA-15-NH2-SO3H 0.71 0.94 0.35 0.08 4.38 0.30 0.09 3.33
a Nominal metal contents: Pd 1.46 at% and Au 0.79 at%.
b Nominal Pd/Au ratio:1.85.
cal state of surface species arises necessary in order to clarify the
different catalytic behaviours.
Surface study of the gold-palladium catalytic systems by XPS
The state of functional groups in the support surface was ana-
lysedbyXPS. Fig. 6 plots the recorded signals of S 2s andN1s regions
corresponding to surface thio- and amino- functional groups. It is
reported that thebindingenergyof S2s level associated tomercapto
SHgroup is locatedat around226eV [34],while sulfonatedgroups
gives a S2s binding energy of ca 233eV [35]. By observing the S 2s
peak for sulfonate functionalized samples, two clear contributions
can be observed at 232 and 226eVwhich denotes the simultaneous
presence of SH and SO3H groups at the surface. Therefore, the
complete oxidation of startingmercapto groups is not achieved. By
deconvoluting the S 2speak, the oxidation extent is around 44% and
75%onAu-Pd/SBA-15-SO3HandAu-Pd/SBA-15-NH2-SO3H, respec-
tively. Thus, it can be noted that the occurrence of NH2 would
favour the oxidation of SH towards SO3H. Regarding the N 1s XP
spectra, two components can be observed: a low binding energy
contribution at 400eV due to NH2 groups, and a high binding
energy component at 402eV attributed to NO or NH3+ [36].
The simultaneous surface functionalizationwith APTES andMPTES
would induce a slight protonation of amine functional groups. This
fact is in agreement to the highly positive surface zeta potential
observed for NH2 SH sample, which is notably more positive
than SH one (Table 1). Additionally, upon further oxidation to
achieve SO3H, this surface amine groups also suffer a certain oxi-
dation toward NO. As stated, this partial oxidation also affects to
the surface potential turning in this case slightly negative by the
presence of SO3H. It can be assumed that formed NO groups
are not available for Au metal linkage, so lower metal dispersion
would be anticipated. In fact, in spite of the less negative surface
charge character similar Pd/Au value was attained pointing out Au
aggregation.
Au 4f and Pd 3d signals were also analysed in the fresh sam-
ples (Fig. 7A). Fornon-functionalizedcatalyst, preparedby incipient
wetness impregnation, it has been detected the presence of two
peaks in the Pd 3d signal, one centered at 335.1 eV, near to the
assigned value of Pd0 in reduced systems (Fig. 7B) and a second
centeredat∼336.8 eV, assigned toPd2+,with anestimatedPd0/Pd2+
atomic ratio around 0.6. Functionalized samples show a single Pd
3d5/2 peak centered at ∼337.5 eV, which can be attribute to Pd2+.
No contribution at lower binding energy is detected, denoting that
for these samples Pd appears only in the oxidized state. This means
that the ion exchangemethod provides a unique Pd2+ phase in con-
trast to impregnation method which leads to both Pd2+ and Pd0
phases. Moreover, functionalized series exhibits a slight shift of ca
1 eV in the Pd 3d5/2 binding energies with respect to that observed
in the non-functionalized sample (Fig. 7A). Evenmore, –SO3H func-
tionalized samples also denotes a small shift toward higher energy
values.
It has been widely reported that Pd binding energy is very sen-
sitive to the metal particle size [37,38]. In this sense, Yuranov et al.
distinguished three chemical states of palladium from Pd 3d5/2 sig-
nal at binding energies of 336.5 and 337.7 eV, attributed to bulk
and highly dispersed PdO, respectively. An additional higher bind-
ing energy at 338.5 eV was assigned to PdO2 or extremely small
PdO particles, stabilized by silica support lattice [39]. Therefore
we may infer that Pd particles in the non-functionalized sample
appears forming large clusters. Therefore, surface functionalization
of support not only stabilizes the oxidized state but also induces the
dispersion of metal particles. This high dispersion would be even
more marked for – SO3H systems. In this sense, Hutchings et al.
already reported that a higher surface concentration of Pd2+ on a
Pd–Au/TiO2 catalyst could enhance activity [40]. Similarly, Ouyang
et al. also related the activity to the occurrence of PdOdomains [41].
On the other side, regarding to Au 4f7/2 signal, non-
functionalized system shows a binding energy value associated to
Au0. Contrarily, binding energies for functionalized samples appear
1 eV over that for Au0, which can be attributed to Au+/Au+ species.
Moreover, sulfonated systems clearly show a scarce Au 4f signal. In
fact thePd/Au ratio calculatedbyXPS for these sampleswasnotably
low (Table 1). As above discussed, this would indicate an extraordi-
naryaggregationofAuclusters. Indeed, those samples alsodepicted
noticeable XRD peaks corresponding to Au phase.
Therefore, from XPS results it can be proposed that SO3H sys-
temsprovide a situation inwhich Pd andAuwould showdrastically
different sizes, highly disperse for Pd and aggregated for Au.
The presence of this metallic phase on non-functionalized sys-
tem could be correlated to the particular catalytic behaviour of
Au-Pd/SBA-15 sample. As stated, that sample showed scarce H2O2
production with time that was associated to the high activity
for H2O2 decomposition. In principle, the activity toward hydro-
genation/decomposition reactions would be associated to the
occurrence of metallic phase. So, in order to understanding the
inﬂuence of the chemical state in the catalytic performance we
have studied the catalytic behaviour of systems after reduction
treatment (Fig. 8). After reduction with H2, all catalytic systems
contain only Pd0 and Au0 species (Fig. 7B). In this case, the slight
decrease in the Pd/Au was due to the diminution in the Pd at con-
tent. Thus, reduction process would affect in a greater extent to Pd
particleswhichwould growand suffer agglomeration. Indeed, ifwe
notice the Pd 3d spectra, an evident shift to lower binding energy is
observed for the non-functionalized catalyst. As previously stated,
it can be established a clear dependence between particle size and
binding energy in palladium catalysts, that could be applicable in
this case and agrees with the slightly lower Pd/Au with respect to
fresh series.
Hydrogen peroxide production rate decreases dramatically
after the reduction treatment (Fig. 8). By observing hydro-
genation/decomposition reactions activity, the lower catalytic
performance for H2O2 production was due to a very important
increase in the activity, with more than a 50% of hydrogen per-
237
A. Rodríguez-Gómez et al. / Molecular Catalysis 445 (2018) 142–151 149
Fig. 6. XPS spectra in the S2s (left) and N1s (right) regions for Au-Pd/SBA-15-SH (a), Au-Pd/SBA-15-SO3H (b), Au-Pd/SBA-15-NH2-SH (c), and Au-Pd/SBA-15-NH2-SO3H (d)
systems.
Fig. 7. XPSspectra in thePd3dandAu4f regionsof fresh [A] and reduced [B] catalysts:Au-Pd/SBA-15 (a)Au-Pd/SBA-15-SH (b), Au-Pd/SBA-15-SO3H (c), Au-Pd/SBA-15-NH2-SH
(d) and Au-Pd/SBA-15-NH2-SO3H (e).
oxide consumed during the ﬁrst 20min in all catalysts. Given the
minor variation in particle size observed by TEM (Fig. 9), increas-
ing slightly in all cases, this radical change in activity could be
attributable to the metallic state [33]. Indeed, Choudhary et al.
already pointed out that catalyst properties such as particle size
and surface area were found to be less important than the oxida-
tion state in determining the H2O2 selectivity. As reported in the
literature, themost active catalyst is that showing the smallest par-
ticle size. However, we have demonstrated that this relationship is
true for both hydrogen peroxide synthesis and hydrogen perox-
ide hydrogenation/decomposition reactions [32]. Smaller particles
have more quantity of low coordinated atoms where hydrogena-
tion/decomposition reaction is more favourable [42]. So, it is clear
that the stabilization of an oxidized Au-Pd phase is required for
a high selectivity in the DSHP reaction. On the other hand, zeta
potential did not show a direct inﬂuence with hydrogen peroxide
production or hydrogenation/decomposition activitywhich is indi-
cated by other authors [31], probably due to a stronger inﬂuence of
the functional groups (Fig. 10).
Conclusions
Functionalization of a mesoporous silica SBA-15 support by
means of mercapto/sulfonic groups allows controlling the gold-
palladium dispersion and therefore the particle size distribution
by mean of an ion exchange synthesis method. Also, oxidation
state of palladium and gold is stabilized as Pd2+, Au+, respectively.
This fact turnsparticularly important sincemetallic gold-palladium
increases markedly hydrogenation/decomposition side reaction
activity. Regarding to the catalytic performance, very small par-
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Fig. 8. Hydrogen peroxide production of reduced catalysts. Reaction conditions:
10mg of catalyst dispersed in 10mL of a methanol/water equimolar solution at 2 ◦C
and 40bar (PH2 =1.5 bar, PCO2 =35.5 bar, PO2 =3.0 bar) of total pressure.
ticles obtained in Au-Pd/SBA-15-SH are the least active system due
to the high rate in the competitive hydrogenation/decomposition
Fig. 10. Hydrogenation/decomposition activity of reduced catalysts. Reaction
conditions: [H2O2]inicial = 55mmol L−1,10mg of catalyst dispersed in 10mL of a
methanol/water equimolar solution at 2 ◦C and 40bar (PH2 =1.5 bar, PCO2 =38.5 bar)
of total pressure.
Fig. 9. TEM images and size distribution histograms for reduced Au-Pd/SBA-15-SH (a), Au-Pd/SBA-15-SO3H (b), Au-Pd/SBA-15-NH2-SH (c), Au-Pd/SBA-15-NH2-SO3H (d) and
Au-Pd/SBA-15 (e).
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Fig. 6. XPS spectra in the S2s (left) and N1s (right) regions for Au-Pd/SBA-15-SH (a), Au-Pd/SBA-15-SO3H (b), Au-Pd/SBA-15-NH2-SH (c), and Au-Pd/SBA-15-NH2-SO3H (d)
systems.
Fig. 7. XPSspectra in thePd3dandAu4f regionsof fresh [A] and reduced [B] catalysts:Au-Pd/SBA-15 (a)Au-Pd/SBA-15-SH (b), Au-Pd/SBA-15-SO3H (c), Au-Pd/SBA-15-NH2-SH
(d) and Au-Pd/SBA-15-NH2-SO3H (e).
oxide consumed during the ﬁrst 20min in all catalysts. Given the
minor variation in particle size observed by TEM (Fig. 9), increas-
ing slightly in all cases, this radical change in activity could be
attributable to the metallic state [33]. Indeed, Choudhary et al.
already pointed out that catalyst properties such as particle size
and surface area were found to be less important than the oxida-
tion state in determining the H2O2 selectivity. As reported in the
literature, themost active catalyst is that showing the smallest par-
ticle size. However, we have demonstrated that this relationship is
true for both hydrogen peroxide synthesis and hydrogen perox-
ide hydrogenation/decomposition reactions [32]. Smaller particles
have more quantity of low coordinated atoms where hydrogena-
tion/decomposition reaction is more favourable [42]. So, it is clear
that the stabilization of an oxidized Au-Pd phase is required for
a high selectivity in the DSHP reaction. On the other hand, zeta
potential did not show a direct inﬂuence with hydrogen peroxide
production or hydrogenation/decomposition activitywhich is indi-
cated by other authors [31], probably due to a stronger inﬂuence of
the functional groups (Fig. 10).
Conclusions
Functionalization of a mesoporous silica SBA-15 support by
means of mercapto/sulfonic groups allows controlling the gold-
palladium dispersion and therefore the particle size distribution
by mean of an ion exchange synthesis method. Also, oxidation
state of palladium and gold is stabilized as Pd2+, Au+, respectively.
This fact turnsparticularly important sincemetallic gold-palladium
increases markedly hydrogenation/decomposition side reaction
activity. Regarding to the catalytic performance, very small par-
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Fig. 8. Hydrogen peroxide production of reduced catalysts. Reaction conditions:
10mg of catalyst dispersed in 10mL of a methanol/water equimolar solution at 2 ◦C
and 40bar (PH2 =1.5 bar, PCO2 =35.5 bar, PO2 =3.0 bar) of total pressure.
ticles obtained in Au-Pd/SBA-15-SH are the least active system due
to the high rate in the competitive hydrogenation/decomposition
Fig. 10. Hydrogenation/decomposition activity of reduced catalysts. Reaction
conditions: [H2O2]inicial = 55mmol L−1,10mg of catalyst dispersed in 10mL of a
methanol/water equimolar solution at 2 ◦C and 40bar (PH2 =1.5 bar, PCO2 =38.5 bar)
of total pressure.
Fig. 9. TEM images and size distribution histograms for reduced Au-Pd/SBA-15-SH (a), Au-Pd/SBA-15-SO3H (b), Au-Pd/SBA-15-NH2-SH (c), Au-Pd/SBA-15-NH2-SO3H (d) and
Au-Pd/SBA-15 (e).
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reaction. On the other hand, sulfonic-functionalized systems
increase the particle size and also the hydrogen peroxide produc-
tion rate. The average Pd particle size achieved in these samples
turns good compromise between ahighmetal dispersion necessary
for high catalytic activity and the presence of less energetic sites,
on which O2 can chemisorb without dissociation. Furthermore,
these samples exhibited large Au cluster formation, which would
be detrimental for side H2O2 decomposition reaction. Finally, the
inclusion of amine groups on the catalyst does not affect to the
particle size distribution but it increases the hydrogen peroxide
production rate by an important decrease in the hydrogena-
tion/decomposition activity. The occurrence of amine groups at the
surfacewould therefore favours the selectivity of theDSHP reaction
by clearly supressing the competitive H2O2 decomposition.
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